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ABSTRACT 
The WATR-CPMG method has proven to be a novel 
solvent suppression technique in dilute aqueous 
solutions. The addition of proton exchange reagent 
selectively shorten the T? of the water protons by 
exchange process and the broad water signal is eliminated 
during the spin-spin relaxation period. 
In this work, the application of the WATR-CPMG 
method to the quantitative determination of glucose in 
human blood plasma was investigated as an alternative and 
reliable nondestructive quantitative method for the 
determination of bulk plasma glucose. 
In Chapter Two we focus on the investigation and the 
optimization of all the WATR-CPMG parameters necessary 
for carrying out the quantitative analysis. The WATR-
CPMG method together with the optimized parameters was 
applied to the determination of glucose contents in blood 
plasma of patients undergoing Oral Glucose Tolerance Test 
(OGTT) at the Prince of Wales Hospital. The method was 
also applied to the determination of glucose in 
commercial juice drinks. The results are reported in 
Chapter Three. 
• _ _ 111 
Chapter Four reports the results of attempts to 
combine the hoinodecoup 1 ing technique with the WATR-CPMG 
method. The objective of this investigation is to 
determine ways of increasing the sensitivity, hence the 
analytical range, of the method. Although the decoupling 
technique behaved as predicted, it failed at low DgO 
concentration because (i) the absorption of decoupling 
power by the water increases the noise level of the 
resulting spectra significantly and (ii) the spectra 
quality deteriorates further as a result of the decoupler 
spike. These two factors consequently produce poor 
spectral condition hence prohibiting the extraction of 
good quantitative information. Another objective is to 
find experimental confirmation of the superiority of the 
intensity measurement method for quantitative analysis 
compared to the method of integration. It was determined 
that the method of integration remains slightly superior. 
The results reported in Chapters Two and Three of 
this thesis are reported in: 
Shiyan Fan, W.Y. Choy, S.L. Lam and S.C.F. Au-Yeung, 
"Quantitative Determination of Glucose in Blood 
Plasma and in Fruit Juices by Combined WATR-CPMG H^ 
NMR Spectroscopy" Anal, Chem•, 64, 2570-2574 (1992). 
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CHAPTER ONE 
BRIEF REVIEW OF THE WATR-CPMG AND 
OTHER SOLVENT SUPPRESSION METHODS 
1.0 Introduction 
It is often necessary to measure the proton NMR 
spectra of compounds in These compounds vary from 
glucose, lactate, alanine to other metabolites in blood 
plasma, whose concentration is in the millimolar or 
subitiillimolar range. However, the high concentration of 
the solvent protons (llOM for H2O) significantly hampers 
detection if nonselective excitation pulse is used for 
observation. The enormous H2O resonance together with its 
side-bands obscures many of the solute resonances. The 
solute signals may be smaller than one-half of the least 
significant bit (LSB) in the analog-to-digital converter 
(ADC), therefore they become undetectable. The 
saturation of the analog receiver or of the ADC results 
in artifacts which can render the spectrum totally 
useless. Therefore, the development of solvent 
suppression techniques is necessary for both qualitative 
and quantitative analysis in dilute aqueous solution. 
1 
1-1 Some Common Solvent Suppression Techniques 
1.1.1 Brief Summary of Some Common Solvent 
Suppression Techniques 
An ideal solvent suppression method suppresses only 
the solvent signal without affecting the others in the 
spectrum. Many different solvent suppression methods are 
presently in use.i.i'i.2 The choice of the suppression 
method depends on the type of information desired, the 
suppression factor required, the spectrometer hardware 
and the skill of the experimenter. It must be emphasized 
that no single method is universal for all applications. 
Some common solvent suppression methods are summarized in 
Table 1.1. 
The common objective of most solvent suppression 
methods aims to reduce the transverse magnetization of 
the solvent to zero at the end of the suppression scheme. 
This effect is achieved by several strategies. The use 
of single long pulse is one of the simplest solvent 
suppression method J I n this method, the strength of 
the transverse B�rotating field is varied, the weaker the 
Bi field, the longer the pulse duration for the rotation 
of the magnetic moment to a predesignated angle. The 
long pulse is very selective and acts differently on 
different spin species. Suppression may also be obtained 








































































































































































































































































































































































































































































































































































































magnetization is selectively presaturated by long and 
weak pulses at the resonance frequency of the solvent 
signal. A strong observation pulse is applied 
immediately. 1.4' unfortunately, this procedure may. 
causes the saturation of other NMR signals bruised under 
the solvent peak. Other methods exploit the differences 
between the longitudinal (T^) and the transverse (T?) 
relaxation times of both the solvent and the protons of 
interest to selectively eliminate the solvent signal. 
For the WEFT�"’1�(Water Elimination Fourier Transform) 
technique, the proton T^  of the solvent must be slower 
than the protons of interest (a criteria often fufilled 
because the relatively small size of the water molecules 
results in a large rotational diffusion coefficient)• 
This method is based on the Inversion Recovery pulse 
sequence. It consists of two non-selective pulses, the 
delay T is chosen so that the relaxing solvent 
magnetization passes through the null point when the 90° 
pulse is applied. The WATR^'^ (Water Attenuation by 
Transverse Relaxation) method achieves solvent 
suppression when the T? of the solvent protons are faster 
than the protons of interest. The suppression is 
accomplished by using a spin-echo in which the refocusing 
TT-pulse occurs after a period of time which is longer 
1 "10 
than the of the solvent water. Paramagnetic ions, . _ 
1-12 ammonium salts, as well as urea^ -^ "^^ -^ ^ can be added as 
a proton exchange reagent to shorten the T� o f the water 
protons by the exchange process. This method will be 
5 
discussed in detail later. In the CHESS (Chemical shift 
selective) method,�-17-1.18 the water protons are saturated 
by a selective 7r/2 pulse followed by the application of a 
pulse gradient generated through the main magnetic field 
Bo which destroys the transverse magnetic moment. 
Other types of solvent suppression techniques make … ： ： 
use of the short pulses in binomial s e q u e n c e s ^ • 则 • 了 5 to 
manipulate the magnetizations of the solvent and other 
solute spins. Acquisition is carried out when the 
solvent magnetization return along the z-axis in the 
rotating frame. The simplest binomial sequence is the 
1一1 sequence and is use to illustrate the basic principle 
of this type of solvent suppression scheme. 
PI - X - P2 - Acquisition (1.1) 
The first pulse (PI) applied along the x-axis tilts the 
spins by an angle e towards the y-axis. During the 
waiting period, r, the solvent spins rotated by an angle 
(i)r = TT, and the spins to be observed are immobile. The 
second pulse (P2) applied along the x-axis with the same 
pulse duration as PI returns the solvent spins to the z-
axis whereas the observed spins tilts 26 from the z-axis. 
Spins with intermediate chemical shifts tilted to a 
lesser extent. As a result, all magnetizations in the 
transverse plane orient in different directions in the 
rotating frame. This effect causes a frequency dependent 
6 
phase shift. These selective excitation pulses differ in 
their ease of implementation, the compensation for the 
pulse imperfections, the offset dependence of the 
excitation and the phase corrections needed in the 
spectrum. For a given sequence, the degree of 
suppression of the solvent signal using different 
spectrometers varies depending on spectrometer stability. — ’？ 
7 
1.1.2 Criteria For The Evaluation of Solvent 
Suppression Methods 
In this section, a summary of the common criteria 
used for the evaluation of the selection of the different 
solvent suppression methods is presented. 
1� The solvent suppression factor (F). The solvent 
suppression factor is used to evaluate the 
effectiveness of the solvent signal suppression. F 
is the ratio of the maximum magnitude of the solvent 
signal obtained after a single 7r/2 pulse to that of 
the itiaxiitium magnitude after the solvent suppression 
excitation. F should be in the range 
2. The sensitivity Factor (S)• Since the solute signal 
may be reduced along with the solvent signal, it is 
necessary to evaluate the sensitivity reduction of 
the protons signal of interest after the solvent 
suppression excitation. S is defined as the Signal 
to Noise (S/N) ratio of the proton of interest after 
solvent suppression excitation divided by the S/N 
ratio after a single n12 pulse. For an aqueous 
solvent, S is defined as the S/N ratio of the proton 
signal of interest after solvent suppression divided 
by the S/N ratio of the proton signal with the same 
concentration in D2O after a single n12 pulse. 
Another approach to compare two different solvent 
8 
suppression methods is to compare the signal 
accumulation times for a proton of interest to reach , 
a pre-determined S/N ratio, because some sequences 
may have a long sequence duration causing the 
repetition time between pulses to be very long. • 
3. The Spectral Factor. For some suppression 
sequences, the spectral range is defined as 
extending from the null sensitivity to the maximum 
sensitivity (Av)• The spectral factor is then 
defined as the fraction of the spectral range where 
the sensitivity is not less than one third of the 
maximum sensitivity. This fraction is designated as 
the range of useful signals. 
4. The Phase Distortion Factor. For some solvent 
suppression techniques, the different spin 
magnetization will be at different direction on the 
xy—plane immediately before the acquisition. This 
causes the phase distortion in the resulting Fourier 
transformed spectrum. Among the common solvent 
suppression method, WEFT and WATR have a flat 
spectral response, including at the solvent 
frequency. 
9 
1.2 Application of the WATR-CPMG Method in Solvent 
Suppression ^ 
1.2.1 The CPMG Pulse Sequence 
The Spin Echo method devised by Hahn^-^® successfully 
demonstrated that the use of the 180° refocusing pulse 
effectively removes the effects of the magnetic field 
inhomogeneity of B� u p o n the linewidth. The pulse 
sequence is given below: 
- X - 180 ^ ^ - T - Acquis! tion (1.2) 
The Spin Echo method is used for the measurement of the 
transverse relaxation. The magnitude of the 
magnetization in the x-y plane at the echo maximum is, 
M 对 - M � [ e x p ( ^ -寻丫2炉仇3)] (1.3) 
where G = the magnetic field gradient caused by 
inhomogeneity in the B�magnetic field 
D 二 the self diffusion coefficient of the 
molecule. 
r = as defined in pulse sequence 1.2 
10 
The diffusion term which is manifested in the spin 
echo sequence, is reduced/eliminated by replacing the one 
refocusing pulse scheme with a train of 180° refocusing 
pulses with equal separation times introduced by Carr and 
Purcell.1.39 The larger the number of refocusing pulses, 
the more efficient is the suppression. Although the 
Carr-Purcell Spin Echo method (CPSE) reduces the error 
caused by the diffusion of the spins in measuring long T^, 
the amplitude adjustment of the 180° pulse is critical. 
As a large number of 180° pulses is needed in the CPSE 
sequence for the elimination of spin diffusion, a small 
deviation in pulse angle from the exact 180° will be 
accumulated and results in significant error. This short 
coining is overcomed by shifting the phase of the 180° 
pulse 90�relative to the first non-selective 7T/2 pulse in 
the CPSE sequence. This modified sequence is called 
Carr一Purcell一Meiboom一Gill (CPMG) sequence. 
90 ^  - ( X - 180 - ^ ) 22 - Acquisition (1.4� 
X y 
The Meiboom-Gill modification cancels pulse imperfection 
in every even scan. Consider a typical magnetization 
vector M initially aligned along the Y-axis, is assumed 
for simplicity to have precessed 7^ /2 radians in the first 
interval r reaching point a, as shown in Figure 1.1. An 
imperfect pulse flips M to point b, where it precesses 
along the dashed line to point c in the next interval 2r. 
� The second imperfect pulse, Py (TT-A) , flips the vectors to 
11 
point d which is on the -x axis so that the second echo 
occurs exactly along the y-axis. Hence cumulative errors 
are avoided. 
- T Y 
Figure 1*1 Compensation of pulse length errors by means 
of Meiboom-Gill modification 
1.2.2 The Theory of Solvent Suppression by WATR Method 
The Water Attenuation Transverse Relaxation (WATR) 
1-16 using Carr-Purcell-Meiboom—Gill (CPMG) sequence, 
simply WATR-CPMG method, has been demonstrated to be 
effective in the elimination of the H^ NMR water peak in 
aqueous solution. This method is based on the reduction 
of the proton T�relaxation time of water by proton 
exchange reagents such as ammonium chloride, urea and 
guanidinium chloride followed by attenuation of the 
resulting broad water peak using the standard Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence. This method 
allows resonances close to, or submerged by, the water 
peak to be observed readily without spectral or intensity 
distortion. In the CPMG pulse sequence, the intensity 
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value of the peaks decreases according to the equation 
-2nx 
Mt - M�e t2 (1.5) 
where M^ = the magnetization after spin-spin 
relaxation period. 
M� = the magnetization at thermal equilibrium. 
2nr = the spin-spin relaxation period. 
T2 = the spin-spin relaxation time. 
The extent of intensity reduction is dependent upon the T? 
of the observed peak(s) and the spin-spin relaxation 
period. T? is dependent on the pH and properties of the 
solution, the properties and concentration of the proton 
exchange reagents and the spectrometer frequency. If 
these conditions are kept constant, the CPMG pulse 
sequence can be used in place of the single pulse 
sequence for quantitative analysis. 
Several classes of compounds which possess labile 
protons is used as exchange reagents to selectively 
reduced the T? of the water proton. In addition, the 
following criteria must be satisfied for the selection as 
proton exchange reagent. 
1. The reagent has no observable resonance signal 
contributing to the ^H-NMR spectrum. 
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2. The proton exchange reagent will not react with the 
coitiponents in the solution. 
3. The reagent itself will not decompose in the 
solution. 
If the proton exchange reagent has observable %-NMR 
signals, it may results in interference with the signals 
of interest. When the concentration of the reagent is 
high, the intense resonance signal(s) causes the 
saturation of the analog receiver. The use of ammonium 
chloride, hydroxylamine, guanidium chloride and their 
mixtures as proton exchange reagents has been studied by 
Rabenstein and Fan^ '''^  whereas Fung has demonstrated the 
use of Oxygen-17-enriched water as the exchange 
reagenti-46. Ammonium chloride was demonstrated to be the 
most effective reagent for the reduction of the water 
proton Tg. 
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1.3 Scope of This Thesis 
There is continued interest in the search for a 
reliable nondestructive quantitative method for the 
determination of glucose in human blood plasma. A wide 
variety of methods, many of which are automated, are 
currently available for the determination of glucose in 
blood (Table 1.2). All these methods have the common 
feature that glucose is converted to a derivative by one 
or more chemical transformation steps. The most commonly 
used method in routine clinical practice is an enzymatic 
. . . . 
method which depends upon the oxidation of glucose to 
hydrogen peroxide by glucose oxidase. Various methods of 
detecting hydrogen peroxide are applied. 
When compared with other quantitative instrumental 
analytical techniques, NMR offers several advantages. 
For example, the samples are not subjected to chemical 
transformation and both quantitative and structural 
information for the different species in the sample can 
often be determined simultaneously. At present, 
quantitative analysis in dilute aqueous solutions such as 
biological fluids using H^ NMR is limited to research 
purposes. This is due to the spectral complexity and 
large dynamic range of the spectrum resulting from the 
presence of water which imposes severe difficulty in 
detecting weak NMR resonances close to or within the 
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Table 1.2 
Summary of Methods for Determination of ^ 
Glucose in Human Blood Plasma 
Active Species Method of 
Method Detected Determination 
Glucose Oxidaze H2O2(o—Dianisidine) 540nin 
H2O2 (Homovanillic) 久 ex = 316nm 
=425nin 
, em 
H202(Trinder reaction) 515nm 
¥ 2 (MBTH, DMA) 59 Onm 
H202(MTT, MPMS) 66Onm 
H2O2 - - • • 一 > €>2 oxygen-electrode 
Hexokinase glucose-6-phosphate 
{NAD(P)} 34Onm 
{NAD(P)H} (INT) 52Onm 
Glucose glucose(NAD) 34Onm 
Dehydrogenase 
Flow-Injection H202(PHPA) 久 ex 二 329nin 1•沾 
X =412nm 
em 1 / 0 
H202(luminol) 42 5nm 
H2O2 (aminoantipyrine) 580nm 
H2O2 amperoinetric 
Enzyme Reactor H2O2(fluorescent dimer) 37Onm 
ATR-FTIR glucose IR(1195-965cm''') 
LC glucose Electrochemical 
detector 
Glucose Analyzer 
Analox GM7 glucose oxidasei.^^ 
Beckman 
ASTRA4 and 8 glucose oxidase 
YSI model 23A glucose oxidase^ 
Beckman glucose oxidase^ 
Stat profiles glucose electrode^ 
Technicon RA-
1000 enzymic method^ 




water resonance region. A variety of solvent suppression 
methods have been described in recent years, such as “ 
selective presaturation of the solvent signal,一 selective 
excitation methods, and Water Elimination Fourier 
Transform method (WEFT)• Most of these techniques fail 
to suppress the water signal adequately in very dilute 
solution because the residual water signal continues to 
cause dynamic range problems, introduce unacceptable 
signal intensity distortions and also eliminate peaks of 
interest close to or within the water resonance region. 
Quantitative analysis in dilute aqueous solution by 
the traditional single pulse H^ NMR experiment has been 
demonstrated in the case of determination of sucrose in 
sugar beet juice by the Time Resolution Water Elimination 
Fourier Transform (TRWEFT) technique.Quantitative 
analysis of blood plasma using the spin echo method has 
also been demonstrated. ^ H o w e v e r , both techniques 
present problems. The former results in high loss of 
dynamic range as well as sensitivity'whereas the latter 
is complicated by severe spectral and/or intensity 
distortions in the NMR spectrum thereby resulting in poor 
integration. 
In this research, the WATR-CPMG method is chosen as 
the solvent suppression technique for the quantitaitve 
analysis in dilute aqueous solutions. The pulse sequence 
is simple when compared with other suppression schemes. 
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The suppression of the water signal is satisfactory with 
no phase distortion in the final Fourier transformed 
spectrum when all the parameters are optimized. 
There are two basic objectives in this thesis: 
(i) To investigate the possibility of applying the WATR-
CPMG method to quantitative analysis of solute in 
dilute aqueous solution. The effects of the 
different parameters such as the pulse interval (r), 
the number of cycle (n), the acquisition delay of 
the sequence to the quantitative analysis are 
studied in depth. 
(ii) The possibility of combining the time shared 
homodecoupling with the WATR-CPMG sequence to 
achieve enhancement in the intensity is also 
investigated in the second part of this research. 
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CHAPTER TWO 
OPTIMIZATION OF THE WATR-CPMG PARAMETERS 
FOR QUANTITATIVE ANALYSIS IN DILUTE AQUEOUS SOLUTION 
2.1 Investigation of the WATR-CPMG Parameters 
In order to apply the WATR-CPMG method in the 
quantitative analysis in dilute aqueous solutions, all 
instrumental and experimental parameters must be 
optimized. In this chapter, the different parameters in 
the WATR-CPMG method are investigated and the optimum 
condition for the quantitative analysis is determined. 
2.1.1 Use of Ammonium Chloride as Proton Exchange 
Reagent 
Ammonium chloride is widely used as proton exchange 
reagent in WATR m e t h o d . I t fulfils the criteria as a 
proton exchange reagent because all of the protons 
attached to the nitrogen are labile; therefore, no 
additional proton resonance signal contributes to the H 
NMR spectrum. Ammonium chloride effectively reduces the 
T^ of water protons significantly by exchanging protons 
with water between pH = 5 -7• A number of other proton 
2 6 
exchange reagents are available, e.g. hydroxylamine, • 
guanidinium c h l o r i d e , ? urea etc. The paramagnetic salt 
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(MnCl〗），in minute amount, has been utilized as the 
reagent to shorten the transverse relaxation time of the 
water proton^�. The efficiency of the paramagnetically 
induced solvent relaxations depends on the rate of 
chemical exchange of the relaxing nucleus between the 
paramagnetic environment and the diamagnetic bulk 
solution. 
Rabenstein^-'' reported that 0.5 M ammonium chloride 
at pH = 6.5 rapidly exchanged protons with those of bulk 
water and shortens the T^ of water protons to 0.02 s. 
Hydroxylamine exchange proton with water at an optimum 
rate at pH « 3.5, but this pH range is not suitable for 
the application to the analysis of biological fluids. 
One of the objective in this thesis is to apply the WATR-
CPMG to the quantitative analysis of blood plasma (pH « 
8) , therefore, the use of hydroxylamine is not suitable 
because a very large amount of acid is needed to reduce 
the pH to 3.5. Guanidinium chloride also reduces the 
water proton Tg. However, guanidinium chloride is a 
denaturation agent for protein and interferes with the 
integrity of the blood plasma by interaction with the 
protein. Sadler?-^ reported that lactate and other small 
organic anions bind to the protein and servely broaden 
the resonance signals. The shortening of the T^ of the 
protons of these species greatly reduced the intensity 
and hence the integral of these proton signal(s) after 
the WATR-CPMG suppression. Addition of ammonium chloride 
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recovered some intensity for the lactate after the WATR-
CPMG suppression. This effect is achieved by the release 
of the lactate from binding to the p r o t e i n . B a s e d on 
these reasons, we choose ammonium chloride as the optimum 
choice of proton exchange reagent in this work with a 
starting concentration of 0.5 M as reported by other 
worker in the literature• 2-1-2-5 
2.1-2 The pH Dependence of the Proton Exchange 
Process 
The degree of attenuation of the transverse 
relaxation of the water proton caused by the proton 
exchange process depends on several factors. 
1. The transverse relaxation rate is inversely 
proportional to the frequency separation between the 
water resonance and the resonance of the reagent 
protons. The higher the magnetic field, the larger 
the separation in the frequency and the faster the 
transverse relaxation rate of the water protons. 
2 . Increasing in the concentration of the proton 
exchange reagent increases the water proton 
relaxation rate. 
3 . The pH dependence is unique for different proton 
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exchange reagents. The proton exchange of ammonium 
ion with water protons has been studied extensively 
by Grunwald.2-10 The equilibria involving the 
ammonium ion in the exchange process are given 
below: 
NHj + H2O = NH3 + H3O+ 
NH: + NH3 = NH3 + NH: 
Protons exchange between the ammonium ions and those of 
water reduces the T? of the water proton. The pH 
dependence of the T? of water proton in 0.5 M NH^Cl + 0.01 
M D-glucose in 10% D2O was determined. The data is 
summarized in Table 2.1 and a plot of T^ versus pH is 
given in Figure 2.1. 
Table 2.1 
Summary of T? of Water Protons in 0.5 M NH^Cl 
Solution at Different pH 
pH Measured T? 
4.68 0.1439 
5. 04 0.1058 
6. 13 0. 0366 
6.26 0. 0359 
6. 39 0. 0349 
6.45 0. 0348 
6.90 0.0550 
7.96 0. 3910 
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Figure 2.1 T^ of water proton versus pH curve for 
pure glucose solution 
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The T2 of the water protons in aqueous solutions were 
, measured by the CPMG sequence. The rate of the 
repetition of 180° pulses (1/2T) was kept constant while 
the number of refocusing pulses (n) was varied. At least 
10 data points were collected for the determination of T? 
using exponential fitting procedure. The correlation 
coefficient (r^) of the plot In(I) against 2nr were 
generally better than 0.980 for each T�measurement, where 
工 is the intensity of the water signal. The optimum pH 
was determined from Figure 2.1 to be 6.45 at 0.5 M NH CI. 
4 * 
The effect of the salt concentration towards the T^ 
of the water proton at pH = 6.45 was also investigated. 
The results tabulated in Table 2.2 clearly demonstrated 
that the T^ of the water protons is inversely proportional 
to the concentration of NH^Cl. In order to suppress the 
water signal effectively, the concentration of 0.5 M was 
chosen as recommended in l i t e r a t u r e • 2.1-2.3 The T � o f the 




Tire Correlation Between the [NH^ci] 
and the T? of Water Protons. 





Q»50 0. 0348 
0.70 0.0265 
It is well known that chemical exchange is linearly 
related to the magnetic field strength, at least within 
the isotropic diffusion limits. It is therefore 
anticipated that T? decreases when the magnetic field 
increases. In other words, the suppression is more 
efficient at higher field strength and is confirmed by 
the results of Table 2.3. The minimum T? value of water 
protons at 90 MHz is « 6.6 times that of T? measured at 
250 MHz and « 1 1 . 5 times that obtained at 400 MHz. There 
is an additional feature in the results presented in 
Table 2.3, The optimum pH corresponding to the optimum T? 
value increased from 6.20 to 6.53 when the magnetic field 
increased from 90 MHz to 400 MHz. For example, if the 
proton of interest has a T? of 2s and if a 10^ time 
suppression of water should be achieved, 2nT must be > 
9.2 times T? according to equation 1.5. Substitution of 
the T2 value in equation 1.5 for the proton to be observe, 
the signal reduction factor is calculated. Using the 
data in Table 2.3, the calculated reduction in the 
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intensity is summarized in Table 2.4. At 90 MHz, 34.7% 
of � h e signal remains when compared with the signal 
intensity obtain at zero time delay between the 90° pulse 
and the acquisition. There is only less than 10% 
reduction in intensity at 400 MHz. 
Table 2.3 
The Correlation of Spectrometer Frequency 
with Minimum T? of Water Proton 
Operating The Minimum The Minimum T? 
Frequency T^ Value pH 
90 MHz 0.230s2.11 6.20 
250 MHz 0. 035s 6.45 
400 MHz 0.002s2•” 6.53 
Table 2.4 
The Correlation Between the Spectrometer 
Frequency and The Reduction in Intensity of 
Signal of Interest 
Spectrometer T � o f Water Remain of 
Frequency Proton (s) 2nr Signal of 
Interest 
90MHz 0.23s 2 .120s 0. 347 
250MHz 0. 035s 0.322s 0.851 
4 00MHz 0.02s 0.184s 0.912 
To summarize, the data conclusively showed that the 
application of the WATR-CPMG method is more suitable at 
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high-field strength because of the resulting shorter 
relaxation time of the water protons. 
2.1.3 Relaxation Delay Time 
After the application of an rf pulse with its 
magnetic component B^  directed along the x-axis of the 
rotating frame, the macroscopic magnetization M� is 
rotated through an angle defined by equation 2.1. 
0 = yB^x^ (2.1) 
where y = the gyroinagnetic ratio of the nucleus, 
Bi = the rf field in the transverse plane, 
Tp = the pulse length. 
Immediately after the pulse, the nuclear 
magnetization returns to equilibrium by the spin-spin and 
the spin-lattice relaxation mechanism. M^ ^ decreases by 
the spin-spin relaxation according to equation 2.2, 
M灯-Mo e x p ( ^ ) (2.2) 丄2 
where t = the time after the RF pulse, 
T2* = the effective relaxation time constante 
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T2* is a function of the natural spin-spin relaxation 
time T2 and the dephasing of the magnetization resulting 
from field inhomogeneity T?* (equation 2.3) 
丄 = 丄 + 丄 （2 3) 
At the same time, the magnetization returns to the z-axis 
by spin-lattice relaxation according to equation 2.4, 
M^ = M^ [1 - exp(-^) ] (2.4) 
T! 
where T^  = the spin-lattice relaxation time. For small 
molecules, T^  and T? are of similar magnitude. In order 
to allow the magnetization to return to the equilibrium 
value before the application of the next rf pulse, a 
relaxation delay (pulse delay) time is introduced between 
each subsequent rf pulse. The % recovery of the 
magnetization towards equilibrium is calculated according 
to equation 2.4 and the results are tabulated in Table 
2 . 5 with the plot of % recovery versus relaxation delay 
time shown in Figure 2.2. These results clearly 
demonstrated that in order to keep the errors of 
saturation below 1%, a delay of at least 5 times that of 
the Ti of the proton of interest is needed. 
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Table 2.5 
The Calculated % M^ Recovery 
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Figure 2.2 % M^ Recovery versus Relaxation Delay Time -
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2.1.4 Measurement of T^  of Protons in Aqueous Solution 
It is often difficult or impossible to measure the 
spin-lattice relaxation time for the resonance nearby the 
water resonance of small molecules by the usual 
工nversion-Recovery method because of the large water 
proton signal blocking the H^ NMR spectrum. In 1979, 
Rabenstein^'^^ proposed the Inversion-Recovery Spin Echo 
(IRSE) Sequence for the measurement of T,, in aqueous 
solutions. The pulse sequence composed of a combination 
of the Inversion-Recovery sequence and the Hahn spin-echo 
sequence. 
180。乂 - - 9 0 % - - 180% - ~ Acquisition (2.5) 
In this sequence, the initial 180° pulse inverts the 
equilibrium magnetization along the -z axis. After a 
delay time (VD), the 90° pulse returns the magnetization 
to the x-y plane. The magnetization along the +y or -y 
axis depends on the length of the delay time. The 
acquisition of the free induction decay (FID) is delayed 
for a period and the solvent proton signal is 
selectively eliminated if the T? of the proton is short. 
The 180° pulse is a refocusing pulse and gives rise to an 
echo with a maximum amplitude at the time of acquisition. 
In the measurement of T” a selective T? value was chosen 
and held constant to ensure the interfering broad 
envelope of resonances has decayed to zero while the r^  
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was varied as in the usual Inversion-Recovery method. 
The magnitude of the magnetization in the x-y plane 
at the echo maximum is, 
M ^ = M j l - 2exp(-^)] [ e x p ( ^ ) - ^^^G^ix^^] (2.6) 
where G = magnetic field gradient arise from the 
inhomogeneity in the B� magnetic field, 
D = the self diffusion coefficient of the 
molecule. 
If T2 is held constant, the second part of the right hand 
side of equation 2.6 is treated as a constant. The T^  is 
obtained as in the usual 工nversion-Recovery method by 
exponential fitting. 
The method was originally used to measure the T^  of 
resonance derived from small molecules in the presence of 
macromolecules such as protein in D2O solution. Because 
the resonance signals of the small molecules are either 
buried or superimposed on the broad envelope due to the 
protein resonance, the 工RSE sequence take advantage of 
the much shorter T? of the protein resonances to eliminate 
the interfering signals. 
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In a spin-echo experiment on a homonuclear spin 
system, chemical shifts have the same effect as the . 
offset from the transmitter frequency, which is refocused 
by the 18 0� pulse. However, the spin-spin coupling is not 
refocused but modulates the echoes at the frequency of %J 
Hz for the simple two spin coupling case. The echo 
modulation arises because the 180° refocusing pulse of the 
spin echo flips both the coupled spin I and S leaving the 
term JIzSz unchanged. If the r value is small e n o u g h , ^ - 1 3 
the pulse train of the Carr—Purcell—Meiboom—Gill sequence 
eliminates this modulation because of the presence of the 
homonuclear-coupling, 
|Jis|2r « 1 
and 
S^-S^ I 2r << 1 
Under this condition, the decay of the spin magnetization 
is unmodulated in spite of the strong homonuclear 
coupling. 
The reasons cited above suggested that the single 
refocusing pulse in the Inversion-Recovery Spin-Echo 
(工RSE) sequence can be replaced by 180° refocusing pulses 
with high repetition rate. This modification made 
possible the measurements of the T^  of homonuclear coupled 
spins in aqueous solution. The modified sequence is 
given below: 
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180 � - - 90�_x - (X, - 1 8 0� - T , ) , - AC 卯土sition (2.7) 
where 
n = the number of 180° refocusing pulses. 一 
The phase of the 180�refocusing pulse is shifted 90�from 
the 90� pulse. This is the Meiboom-Gill modification of 
the Carr-Purcell sequence which is used to compensate the 
pulse imperfection of the 180�pulses. We name this 
sequence the Inversion-Recovery Carr-Purcell-Meiboom-Gill 
(工R-CPMG) Sequence. 
A test of the validity of the sequence 2.7 is as 
follows: 
(i) the Ti of the anomeric proton of a-D-Glucose in a 
pure D^O glucose solution was determined by normal 
工nvarsion Recovery sequence. 
(ii) the Ti of the proton in 七he same solution was 
determined by the 工R-CPMG sequence. The normal IR 
method gave a value of 2.45 s and the value 
determined by the IR_CPMG method is 2.38 s. The 
agreement between the values obtained from the two 
methods is within 3%. 
The results established that the IR-CPMG method is 
applicable for the T^  measurement in aqueous solution when 
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the T2 solvent proton(s) « T^ of the proton(s) of 
interest. A disadvantage of the IR—CPMG lies in the 
inherent decrease of signal intensity because of the 
delay between the 90° pulse and the beginning of the 
acquisition. For dilute solution, this effect results in 
long instrumentation time to complete a T^  measurement. 
The method has been applied to the determination of 
the Ti of the a-D-Glucose anomeric proton, B-D-Glucose 
anomeric proton, a-C^H of DL—Alanine, B-C^H of Lactate and 
Y-C^H of Valine in mixed aqueous solutions at various 
concentrations. Their results are summarized in 
Table 2.6. 
Table 2.6 
Summary of Solution Compositions Used 
in the T^  Measurement 
Sample [Glucose] [Alanine] [Lactate] [Valine] 
No. (mg/lOOml) (inM) (mM) (mM) 
1 600.21 3 . 031 4 .964 3.047 
2 400. 14 2 . 022 3.309 2.031 
3 200.07 1.011 1.655 1.016 
4 100. 04 0.506 0.828 0. 508 
** All solutions contain 0.5 M ammonium chloride 
and 10% D2O, the pH is adjusted to pH = 6.45 
For the T^  measurement using the IR-CPMG sequence, at 
least 20 delay time were used to define the exponential 
decay of the proton signals. A single exponential 
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fitting program was used according to equation 2.8, 
r =力3 + (2.8) 
丄1 
v/here Y = the intensities of the peak at various 
delay. 
Theoretically A3 = i and = -2 if the relaxation of the 
proton contributing to the resonance follow a single 
exponential decay. The results of the T^  measurements for 
the various metabolites is tabulated in Tables 2.7-2.12. 
Table 2.7 
The Ti of the Anomeric a-D-Glucose Proton in 10% D2O Aqueous 
Solution. (Two Ti Values in Each Trial Because Two Peaks 
of the Same Doublet were Used in the Calculation) 
Sample T^  Measurement Fitting Parameter 
No. [A3,A2] 
1 Trial 1 1.34s 1.33s [1.03,-1.90] [1.03,-1.90] 
Trial 2 1.14s 1.19s [1.07,-2.14] [0.99,-1.90] 
Trial 3 1.27s 1.30s [0.99,-1.88] [0.99,-1.83] 
Average 1.25s 1.28s 
2 Trial 1 1.31s 1.35s [1.03,-1.88] [1.03,-1.83] 
Trial 2 1.38s 1.48s [1.35,-2.32] [1.49,-2.49] 
Trial 3 1.29s 1.30s [1.18,-2.19] [1.16,-2.15] 
Average 1.32s 1.38s 
3 Trial 1 1.24s 1.28s [1.02,-1.94] [1.02,-1.92] 
Trial 2 1.32s 1.36s [1.06,-1.91] [1.09,-1.97] 
Trial 3 1.33s 1.37s [1.06,-1.89] [1.08,-1.94] 
Average 1.30s 1.33s 
4 Trial 1 1.13s - [0.97,-1.81] -
Trial 2 1.43s 1.44s [1.02,-1.77] [1.04,-1.80] 
Trial 3 1.26s - [1.22,-2.12] -
Average 1.27s 1.44s 
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For each measurement, two T^  values appeared under 
the column T^  measurement in Table 2.7, They referred to 
the doublet of the a-anoineric glucose peak. In 
considering the relaxation delay, the average value of 
the two was taken. From these results, it is concluded 
that the variation of the T^  of the a-glucose anomeric 
proton in aqueous solution of low solute concentration is 
within the limit of the experimental error. In addition, 
in 10% D2O aqueous solution the T^  is significantly 
shorter than that in the pure D2O solution. This is most 
probably the results of intermolecular dipole—dipole 
relaxation between the solvent proton and the protons of 
interest. The average T^  determined from the above 
experiments showed that if the relaxation delay is set to 
at least five times the T^  of the protons of interest, 
then the D1丨 should be at least 7 s (D1' = D1 + AQ) in 
the present application. The results of the T^  
determination for the species B-glucose, Alanine, 




The Ti of the Anomeric fi-D-Glucose Proton 
in 10% D2O Aqueous Solution 
Sajjple Measurement Fitting Parameter 
� • [A3,A2] 
1 Trial 1 0.99s 0.99s [0.98,-1.86] [0.97;-l.82] 
2 0.89s 0.93s [1.02,-2.07] [1.04,-2.03] 
•prial 3 1.06s 1.10s [1.00,-1.90] [1.06,-1.93] 
Average 0.98s 1.01s 
2 Trial 1 1.06s 1.03s [1.04,-1,95] [ 1. 05,--2. Oil 
Trial 2 1.08s _ [1.12,-2.10] 1 
Trial 3 1.03s 0.99s [1.16,-2.15] [1.10,-2.04] 
Average 1.06s 1.01s 
3 Trial 1 l.Ols 0.97s [1.00,-1.91] [1.00,-1.99] 
Trial 2 1.05s 1.05s [1.06,-2.00] [1.06,-2.00] 
Trial 3 1.05s 1.06s [1.06,-1.99] [1.07,-2.001 
Average 1.04s 1.03s 
4 Trial 1 1.12s 1.10s [1.00,-1.84] [1.02,-1.91] 
Trial 2 1.06s 0.99s [1.04,-1.50] [1.04,-1.84] 
Trial 3 1.06s - [0.94,-1.81] -
Average 1.08s 1.05s 
From the results in Table 2.8, the T^  of the 13-D-
glucose anomeric proton is » l s and is shorter than the 
Ti of the a-anomeric proton. The T^  of the characteristic 
proton signals of other metabolites in human blood plasma 
are also determined. 
To summarize, acquisition delay time should be set 
to fulfil the “ Five Times T^  “ criteria which has been 




, The Ti of the a-C^H of DL-Alanine in 
" 10% D2O Aqueous Solution 
Sample No. T^  Measured Fitting Parameter 
[A3,A2] 
1 T 中 1 1 1.38s1.33s [1.01,-1.94] [1.01,-1.96] 
Trial 2 1.30s 1.33s [1.05,-2.03] [1.06,-2.05] 
Trial 3 1.32s 1.42s [0.96,-1.90] [1.02,-1.92] 
Average 1.33s 1.36s 
2 Trial 1 1.41s 1.38s [1.05,-2.05] [1.06,-2.08] 
Trial 2 1.30s - [0.92,-1.92] -
Trial 3 1.34s 1.29s [1.03,-2.01] [0.96,-1.92] 
Average 1.35s 1.34s 
3 Trial 1 1.42s 1.43s [1.01,-1.95] [1.03,-1.97] 
Trial 2 1.40s 1.38s [1.10,-2.12] [1.07,-2.09] 
Trial 3 1.40s 1.38s [1.11,-2.13] [1.08,-2.09] 
Average 1.41s 1.4 0s 
4 Trial 1 1.45s 1.32s [1.03,-1.80] [1.04,-1.97] 
Trial 2 1.54s 1.51s [1.08,-1.97] [1.04,-1.93] 
Trial 3 1.51s - [1.02,-1.86] -
Average 1.50s 1.42s 
Table 2.10 
The Ti of the B-C^H of Lactate in 
10% D2O Aqueous Solution 
Sample No. T^  Measured Fitting Parameter 
[A3,A2] 
1 Trial 1 1.28s1.28s [1.01,-2.00][1.00,-1.96] 
Trial 2 1.lis 1.24s [1.03,-2.18] [1.02,-2.00] 
Trial 3 1.28s 1.27s [1.04,-2.00] [0.93,-1.83] 
Average 1.22s 1.26s 
2 Trial 1 1.43s 1.33s [1.04,-2.02] [1.07,-2.14] 
Trial 2 1.33s - [0.95,-1.92] -
Trial 3 1.32s 1.30s [1.03,-2.01] [1.00,-1.98] 
Average 1.36s 1.32s 
3 Trial 1 1.33s 1.35s [1.05,-2.09] [1.03,-2.03] 
Trial 2 1.40s 1.40s [1.09,-2.11] [1.09,-2.10] 
Trial 3 1.40s 1.38s [1.11,-2.13] [1.08,-2.09] 
Average 1.38s 1.38s 
4 Trial 1 1.53s 1.48s [1.08,-1.80] [1.06,-1.96] 
Trial 2 1.57s 1.46s [1.06,-1.94] [1.04,-1.99] 
Average 1.55s 1.47s 
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Table 2.11 
The Ti of the y & K of Valine in 10% D2O Aqueous Solution 
Sample No. T^  Measured Fitting Parameter 
[A3'A2] 
1 Trial 1 0.97s 0.99s [0.97,-1.93] [0.96,-1.85] 
Trial 2 0.89s 0.87s [1.03,-2.11] [0.96,-1.97] 
Trial 3 1.00s 1.00s [0.95,-1.88] [0.94,-1.85] 
Average 0.95s 0.96s 
2 Trial 1 0.95s 0.91s [0.93,-1.90] [0.99,-2.03] 
Trial 2 0.97s - [0.98,-1.95] -
Trial 3 0.96s 0.96s [1.00,-1.99] [1.03,-2.03] 
Average 0.9 6s 0.93s 
3 Trial 1 0.93s - [0.98,-2.05] -
Trial 2 1.03s 1.04s [1.06,-2.04] [1.05,-2.01] 
Trial 3 1.04s 1.04s [1.06,-2.03] [1.06,-2.03] 
Average 1.00s 1.04s 
4 Trial 1 0.93s 0.81s [0.985-2.01] [0.99,-2.34] 
Trial 2 1.14s 1.02s [1.01,-1.85] [0.96,-1.82] 
Average 1.03s 0.92s 
Table 2.12 
The Ti of the y' -C^H of Valine In 10% D2O Aqueous Solution 
Sample No. T^  Measured Fitting Parameter 
[A3,A2] 
1 Trial 1 1.05s1.04s [0.96,-1.85] [0.98,-1.86] 
Trial 2 0.91s 0.92s [1.01,-2.06] [1.05,-2.13] 
Trial 3 1.00s 1.00s [1.00,-1.90] [0.96,-1.83] 
Average 0.99s 0.99s 
2 Trial 1 1.01s 1.00s [0.99,-1.97] [0.99,-1.99] 
Trial 2 0.91s - [0.90,-1.89] -
Trial 3 0.99s 0.97s [1.01,-2.00] [1.00,-1.99] 
Average 0.97s 0.99s 
3 Trial 1 1.04s - [1.02,-1.98] -
Trial 2 1.07s 1.08s [1.06,-2.03] [1.07,-2.03] 
Trial 3 1.07s 1.07s [1.07,-2.05] [1.07,-2.04] 
Average 1.06s 1.08s 
4 Trial 1 1.13s - [0.99,-2.01] 
Trial 2 1.06s 1.03s [1.01,-1.93] [1.03,-2.03] 
Average 1.10s 1.03s 
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2.1.5 The Position of the Carrier Frequency (01) 
For the magnetization in the rotating reference 
frame, a simple picture of events is obtained if they are-
described by relative motion. Since the reference axes 
rotate at the same rate as the effective components of B^, 
this field appears to be static. The precessional motion 
of the magnetization (o). = y-B^) appear to be reduced to 
the value (o). - «「.千•) , where o). = yB^, the Larmor angular 
velocity of the magnetization about B�. If the precession 
is considered to evolve about the apparent field (o.-o) /丫 
==BQ (1 - o)/(i).) = A B。， t h e apparent total field is the 
vector sum of B�（ 1 一 ) and B^, and is defined as B�”. 
The motion of the magnetization in the rotating frame 
precesses about Bg” in a conical path at the rate -丫B�于 " 
If the amplitude of the applied pulse is strong 
enough, the off-resonance effects is neglegible, i.e. 
\yB^ \ > IQI = lo) ^  - (Or. J (2.9) 
If a 90° pulse is applied to the spin system at 
equilibrium along the x-axis, the magnetization rotates 
about the +x-axis in the z-y plane at a rate equal to yB^ 
until it is along the +y-axis. But in many experiments, 
the off-resonance effect is not neglegible because the 
magnetization rotates about the tilted effective field 
which depends on the resonance frequency n in the no- on. - re? 
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rotating frame. Intensity and phase anomalies is 
expected for resonance lines that are at large offsets 
from the carrier frequency o)^  ,.之-巧 工打 the WATR-CPMG 
「 • T • 
experiment, the effectiveness of the suppression of the 
water signal was determined to be depended on the 
position of the carrier frequency (01) relative to the 
solvent signal. Figure 2.3 and 2.4 show a series of the 
WATR-CPMG spectra of 30% and 10% D2O D-glucose in aqueous 
solutions with various 01 positions. 
From the two figures, an obvious conclusion is drawn 
in that the most effective suppression occurs when the 01 
is set at the resonance frequency of the solvent signal. 
The larger the offset from the 01 frequency, the larger 
is the magnitude of the residual solvent signal. In 
addition, the higher the percentage of the H2O content, 
the larger is the residual signal under the same 
instrumentation conditions. 
A simple model is given to explain this observed 
effect. Because of the large concentration of water 
protons present in the system, (in 10% DpO, the 
concentration of water proton is « 100 M) a slight 
deviation from the ideal condition affects the 
effectiveness of the suppression. Inaccurate 
determination of the 90° and 180° pulse lengths also cause 
ineffective suppression of the water signal. In 
addition,七he intensity of the radiofrequency field B^  
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varies in different geometrical regions of the sample. 
The highest intensity is normally obtained near the 
center of the transmitter coils and falling off in 
regions remote from the center. This spatial 
inhomogeneity of B^  introduces errors in the flip angle 
experienced by the nuclei in different volume elements. 
In the next section, the off-resonance effect and the … 
spatial inhomogeneity on the magnetization of the solvent 
after the manipulation by the CPMG sequence is examined 
in greater details using a simple model. 
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Figure 2.3 The effectiveness of water signal suppression 
using WATR-CPMG method in 30% D?� solution 
with various off-set frequency (cs). 
a) cs 二 -560 Hz b) cs = -360 Hz ‘ 
c) cs = -160 Hz d) cs = 0 Hz e) cs = 140 Hz 
f) cs = 340 Hz. 
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Figure 2.4 The effectiveness of water signal suppression 
using WATR-CPMG method in 10% DgO solution 
with various off-set frequency (cs)• 
a) cs 二 -560 Hz b) cs = -360 Hz 
c) cs = -160 Hz d) cs = 0 Hz e) cs = 140 Hz 
f) cs 二 340 Hz. 
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2.1.6 Modelling of the Off-Resonance Effect 
In this section, the effects of the pulses on the 
magnetization and the precession of the magnetization 
about the z axis is simulated by a simple mathematical 
model using rotation matrices. The personal computer 
software ”Mathcad" is used for the calculation. The 
mathematical details is given in the Appendix 工 and the 
computer simulation program is given in Appendix 工工. 
A number of assumptions were made in the 
calculation: 
1. There is no instrumentation imperfection such as 
pulse strength instability. 
2 • The solvent protons are assumed to be on resonance 
at a single frequency and that only an infinitely 
sharp signal is observed in the Fourier transformed 
spectrum. This is, of course, not the case in 
reality where the solvent signal Avy^  « 15 Hz. 
3• The relaxation of nuclei during the pulse intervals 
are negligible. 
4. There are no spin-spin coupling between the nuclei. 
The off resonance effect on the solvent suppression 
was stimulated by variation of the off resonance 
frequency (cs) assuming that application of the B^  field 
produce exactly 90° flip angle. By the IR method, the T^  
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was determined to be 3.11 s whereas that of T? = 0.035 s 
using CPMG method. Both n and r were set as those of 
experimental conditions, i.e. n = 300 and T = 0.6 ms. By 
varying the value of cs, the magnitude of the residual 
signal obtained at different off resonance frequencies 
were obtained. The data are tabulated in Table A-III.l 
in Appendix III. The plot of the magnitude of residual 
signal versus cs (Figure 2.5) predicted that changes in 
the magnitude of the residual signal upon variation of cs 
is very small according to this model. The spatial 
inhomogeneity is simulated by mis-setting the pulse from 
90° and the data are summarized in Table A-III.l in 
Appendix 工工工• The plot of magnitude of residual signals 
versus cs is shown in Figure 2.6. The results indicated 
that the off resonance effect is more significant when 
pulse imperfection and spatial inhomogeneity is present. 
Although the magnitude of the residual transverse 
magnetization after the CPMG manipulation is « 10'^  the 
magnitude of the magnetization at thermal equilibrium, 
the high concentration of the solvent protons (« 110 M) 
causes this residual signal to have very large magnitude 
compared to the solutes, usually present in millimolar' 
in solutions. 
The results of these simulations suggest that the 
effectiveness of the suppression of the solvent signal 
depends on several parameters: 
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i) the difference between the carrier frequency and the 
resonance frequency of the solvent signal, 
ii) repetitive pulse imperfection, 
ii幻 the relative differences in T^  and T^ of the solvent 
protons. 

























































































































































































































































































































































































2 • 1-7 The T Value used in the WATR-CPMG Method 
The transverse relaxation time measured with the 
CPMG technique vary with the choice of r values because 
diffusion through magnetic field inhomogeneities, spin-
spin coupling or chemical exchange cause significant 
dephasing of magnetization.^-''^ Hence, the size of the r -
values affects the suppression of the solvent signal 
significantly. 
The T^ of the water protons was measured using 
different T values (Table 2.13, Fig. 2.7). The results 
show that the T? of the water protons decreases when the 
value of T increases. We concluded from these result 
that the value of r must be as large as possible. 
However, when a very large value of r is used, phase 
modulation becomes important because of the hoitionuclear 
spin-spin coupling. Furthermore, the T? of the protons of 
interest may also show T dependency. 
In order to find the optimum r value and the optimum 
number of refocusing pulses, a series of WATR-CPMG 
experiments using various combination of r values and the 
number of refocusing pulses have been carried out. The 
resulting spectra are shown in Figures 2.8 - 2.10. 
Taking into consideration phase distortions of the 
multiplets at large tau value and the length of time 
necessary for reasonable suppression of the solvent 
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signal, r was chosen to be 0.6 ms (which is the smallest 
T value that can be used on our spectrometer) and the 
number of refocusing pulse was chosen to be 300. 
Different T and n values may be used in different 
spectrometers. At higher field strength, the transverse 
relaxation of the solvent protons is shorter, therefore a 
smaller number of refocusing pulses is used instead. 
Table 2.13 
The T2 of the Water Protons Measured 
Using Different Tau Values 
T (ms) Tp (s) 1/Tp (s'l) 
0.0358 27.933 
0.8 0. 0343 29.155 
^ 0. 0328 30.488 
^ 0. 0311 32 .154 
1.4 0. 0314 31.847 
^ 0. 0305 32.787 
^ 0.0293 34.130 
^ 0.0289 34.602 
2.2 0. 0295 33.898 
0. 0288 34.722 
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Figure 2.8 Suppression of water signal by WATR-CPMG 
method with different r and n. (2nr is keep 
constant) D1 = 10 s, 2nr = 0.36 s. ‘ 
a) r = 0.6 ms, n = 300 b) r = 1.2 ms, 
n = 150 c) r = 3.6 ms, n = 50 
d) r = 4.5 ms, n = 40 e) r = 5 ms , n = 36. 
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Figure 2.9 Suppression of water signal by WATR-CPMG 
method with different n while r is keep 
constant (= 0.6 ms). a) n = 150, b) n = 200 
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method with different r while n is keep ‘ 
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b) r = 0.8 ms c) r = 1.0 ms d) T = 1.2 ms 
e) T = 2.0 ms 
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2.2 The Setting of Acquisition Parameters and Data 
Processing 
2.2.1 Digital Resolution and Spectral Width 
The spectral width SW (in ppm) used to record a 
spectrum obviously depend on the nucleus under 
investigation and on the type of compound being analyzed. 
Under the circumstances in which a specific part of the 
spectrum must be investigated in detail in order to 
improve the digital resolution, it is necessary to 
decrease the spectral width. For our application, the 
centre of the spectrum (01) is set on the resonance 
frequency of the water proton peak (4.8 ppm), giving a 
spectral width of about 2500 Hz necessary to cover the 
range from 0.0 - 10.0 ppm. 
The acquisition time (AQ) is automatically 
calculated based on the SW. 
^ (2.10) 
where l/AQ = the digital resolution and TD = the size 
of the locations for data storage. 
From equation 2.10, large TD leads to longer acquisition 
time and higher digital resolution. 
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A typical peak in a NMR spectrum is likely to be 
quite sharp, and may be characterized by a few data 
points. The integral is normally evaluated numerically 
using the trapezium rule and inadequate digitization will 
render this calculation inaccurate. Therefore the 
digital resolution must be high enough for sufficiently 
well-defined lines to be obtained in the transformed 
spectrum. A previous report^*^^ indicated that if there 
are more than 3 points across the half-height width of 
the peak, errors derived from this source will be less 
than 1% and for typical proton NMR spectrum, 0.2 Hz/point 
would be safe digitization. Too large a digital 
resolution may cause an unnecessary increase in the 
experimental time because of the long acquisition time 
period. 
The correlation between digital resolution and value 
of integration was determined experimentally (Table 
2 . 1 4 ) . This data shows that the integral value do not 
fluctuate greatly when the digital resolution varies in 
the range 0.092 Hz/pt to 0.305 Hz/pt. The errors (< 4%) 
are acceptable when a digital resolution smaller than 
0 . 3 Hz/point was used in collecting the data. The same 
digital resolution was used throughout for each sample in 
the quantitative analysis in. this thesis. 
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Table 2.14 
The Correlation Between Digital Resolution And 
Integration Value of 0.09 M and 0.18 M Glucose 
in 0.5 M NH4CI 10% D2O solution 
[Glucose] Digital Resolution Integration 
W (Hz/pt) Value 










- . . . . ‘ . 
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2.2,2 The Setting of Receiver Gain 
The Receiver Gain must be set properly so that it ’ ： 
provides the optimum signal into the ADC but at the. same 一 ::.： 
time does not overload any of the rf stages. If the 
receiver is set too low, only a small part of the 
possible dynamic range of the analogue to digital 一二 
converter is used, and the various points on the free 
induction decay is specified by a few bits. 
Consequently, the accuracy to which they are represented 
is not the maxiitium available. However, if the receiver 
gain is set too large, the ADC is overloaded, the points 
at the beginning of the free induction decay is 
represented inaccurately. It is therefore extremely 
important to be aware of these effects prior to data 
acquisition. Receiver gain adjustment is recommended for 
solutions with different concentrations. This conclusion 
is supported by the results given in Table 2.15. 
Table 2.15 
The Correlation Between Receiver Gain and 
Integration Value in 0.009 M Glucose + 
0.5 M NH4CI /10% D2O 
Receiver Gain Integral 
20 5.56 




The optimum parameters of the WATR-CPMG method for " ^  :恐 
the application to quantitative analysis in dilute 
aqueous solutions are summarized in Table 2.16. iicn:; -r- ^  
Table 2.16 
Summary of Optimized WATR-CPMG Parameters 
Parameter Optimum Value 
Relaxation Delay (Dl) 10 s^ 
T 0.6 ms 
Carrier Frequency (01) Resonance Frequency of 
Water Signal 
Digital Resolution 0.3 Hz/point 
Spectral Width ^ ppm 
Receiver Gain Adjustment for different 
concentration of 
the solution 
a The relaxation delay must be at least five times the T 
of the proton of interest. The a-anomeric proton have a 
T^  « 1.4s, so 10 s relaxation delay is save enough for the 
complete recovery of the magnetization• 
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CHAPTER THREE 
APPLICATION OF THE WATR-CPMG METHOD TO THE 
QUANTITATIVE ANALYSIS OF GLUCOSE IN BLOOD PLASMA 
AND DILUTE AQUEOUS SOLUTIONS 
3 • 0 Introduction 
In this chapter we demonstrate that ^H-NMR using the 
WATR-CPMG method can be applied to the monitoring of the 
concentration of the glucose in blood plasma in clinical 
practice, particularly in the context of diabetes 
mellitus. Application of this technique to the 
quantitative determination of glucose in other aqueous 
fluids such as fruit juices are also presented. 
3.1. Experimental Section 
3.1.1. Characterization of the Metabolites in Blood 
Plasma 
A 250 MHz CPMG H^ NMR spectrum of plasma measured 
with a spin編spin relaxation (2nT) = 0.36 s and r = 0.6 ms 
is presented in Figure 3.1. The broad envelope of 
resonances from plasma proteins and lipoproteins have 
been eliminated by spin-spin relaxation. Only resonance 
signals from small molecular size metabolites are 
62 
observable in the spectrum. The WATR-COSY^-^ spectrum of 
the blood plasma sample was also obtained (Figure 3.2). 
The pulse sequence used for the COSY experiment is: 
90 0(6) _ti-90。（P)-D2-180。（P)_D2-紀 guisiti 022 (P) (3..I) 
A spin echo is inserted in a normal COSY with 9 and B are . 
the phase cycling of the normal COSY sequence. 
The two dimensional J-resolved ^H-NMR spectroscopy of 
a,B-D-glucose has been studied^-^ and the assignments of 
七he resonances observed in the H^ NMR spectra of blood 
plasma has been completed by Rabenstein.3.3 The 
resonances for the anomeric proton of a- and B-glucose 
are at 5.23 and 4.64 ppm, respectively. The broad water 
signal is at 4.8 ppm. The COSY spectrum demonstrated 
that the a-anomeric proton is found to be coupled to a 
spin with resonance at 3.53 ppm. From the structure of 
the a-glucose, this resonance is attributed to the H-2 
proton. The other resonances with relatively intense 
signals are the multiplets at 3.3 to 3.9 ppm and is 
attributed to other protons on the glucose. The doublets 
at 1.47 ppm and 1.34 ppm are the resonance signals of a-
C^H of DL-Alanine and B-C^H of lactate respectively. The 
doublet of doublet from the two groups of y-c^H of Valine 
is assigned to the peaks at 1.05 ppm. The N-acetyl 
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Figure 3.2 The WATR-COSY H^ NMR spectrum of human blood 
plasma measured with D1 = 2 s, T = 0.25 ms ^  
and 32 scans coadded. 二：二 “丄 二“丄 
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3.1.2 Reagents 
Analytical grade Anhydrous-D(+)-glucose was 
purchased from Fluka Chemical, analytical grade NH^Cl was … 
purchased from Riedl 一 de Haen and D2O (>99.8%) was 
purchased from E. Merck. All reagents were used as 
received without further purification. - :: _ 
3.1.3 Solution Preparations: 
1. Standard glucose solutions of different 
concentrations containing 0.50 M NH^Cl at pH = 6.45 
were prepared and were allowed to stand for 24 hours 
to ensure that the two anomers, i.e. a and B to 
attained equilibrium. For each measurement, 0.45 ml 
solution was withdrawn into 5 mm (o.d. Wilmad 52 8 
thin wall) NMR tube containing 0.05 ml D2O. 
2. Blood plasma was obtained from human subjects 
undergoing routine Oral Glucose Tolerance Test 
(OGTT) at The Prince of Wales Hospital, Hong Kong. 
The plasma was collected at 9 a.m. after an 
overnight fast. Following this, 75 g of glucose was 
administered orally and further samples were 
collected 1 - 3 hours later. The tests were 
performed as standard investigations following 
routine clinical indications. NaF was used as 
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anticoagulant and preservative with final 
concentration 1 mg/ml. Plasma was separated from ：… 
erythrocytes by centrifugation at 3000 rpm for 10 
minutes. Two plasma samples were prepared following 
七he conditions in procedure 1 above. To the second 
plasma sample, 50 /xl of a glucose solution 
containing 11-22 mg/ml of D-glucose in 0.5 M NH CI at 
pH = 6.45 were added. The H^ NMR spectrum for both 
plasma solution was then determined. 
3. All orange juice was centrifuged to remove the pulp. 
The same procedure for the preparation of plasma 
solution was followed prior to NMR determinatioru 
3.1.4 Measurement of Plasma Glucose by Glucose 
Oxidase Method 
Plasma glucose was also measured in all sample in 
the Chemical Pathology Laboratory at the Prince of Wales 
Hospital using an automated glucose oxidase method 
(Encore Centrifugal Analyzer, Baker Instrument Co., 
A1lentown, USA) with a between—batch coefficient of 
variation not exceeding 3.7%. 
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3.1.5 NMR Measurement: 
1h NMR spectra were recorded on a Bruker WM-250 
Super-conducting FT NMR spectrometer operating^ :at 250� 
MHz with 16K data collected over a spectral width of 2500 
Hz. The digital resolution is 0.305 Hz/pt and is high 
enough for sufficiently well-defined lines to be obtained 
in the transformed spectrum. The typical linewidth of 
the spectra are about 1.4 Hz. The same digital 
resolution was used throughout for each sample in the : 一 
quantitative analysis. 
The relaxation delay time of at least five times T^  
is necessary in order to keep errors below 1%. However, 
previous work^*^ has confirmed that the relaxation delay 
time should be ten times the T^. The T^  of a-glucose was 
determined by the Inversion Recovery pulse sequence for 
the range 7.5 mM - 225 iriM (135 mg/lOO ml - 4050 mg/100 ml) 
glucose/DzO solution, the measured T^  (2.3 s) of the 
resonance at 5 (%) = 5.228 ppm are all equal. Consequently, 
a typical spectra were measured with the CPMG pulse sequence 
with T = 0. 6ms, PI = 9.8 fisec, P2 = 19.6 fisec and the 
acquisition time of 3.3 s with relaxation delay time of 
23.30 s (D1 = 20 s, AQ = 3.30 s) was used in the 
quantitative analysis of glucose in both plasma and juice 
drinks. (Due to the lack of knowledge in the methods for 
the determination of T� i n aqueous solution, we use the T^  of 
the a-Glucose in D2O for the calculation of the acquisition 
68 
delay. in subsequent investigations, we found that the T^  of 
the a-glucose in KUD^O aqueous solution is much shorter 
(about 1.4 s and the result have been tabulated in Chapter 
Two), so a much shorter D1 can be used instead (Dl=10 s is — 
adequate)• The T^  of a-anomeric protons in some commerical 
drinks are shown in Table 3.1. For the T^  measurement using 
the IR-CPMG sequence, at least 15 variation delay was used 
to define the exponential decay of the protons signal. 
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Table 3•l 
The Ti of the Anomeric Proton of D-Glucose - 丨 ：一 
in Different Commercial Juice Drinks 
Brand Name T^  of Anomeric T^  of Anomeric 
a-Glucose Proton B-Glucose Proton 
(s) 
Hi-C Orange 1.111 0.939 
Juice 1.295 0.888 -------
1.249 0.939 
1.289 -
Sunkist Still 1.020 0.906 ~ ~ 
Orange Juice 1.051 0.909 
— 1-098 0,870 - — 4 — 
Vita Guava 1.167 0.922 
Juice 
Vita Orange 1.116 0.891 
Juice 
Sunkist Orange 1.202 1.015 
Juice ‘ 
The T^  of the a- and B-anomeric protons in the fruit 
juices are shorter than that in the aqueous solutions. This 
may due to the higher viscosities of the juices compared 
with the pure glucose solutions. The T^  are roughly about 
1.2 s. So a relaxation delay of 10 s is long enough for the 
complete recovery of the magnetization to the z—axis. The T^  
of glucose protons of blood plasma taken from patients 
undergo OGTT in various time after intake of glucose are 
tabulated in Table 3.2. 
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Table 3.2 
The Ti of the Anomeric Protons of Glucose in Blood Plasma 
from Patients Undergo OGTT Test. 
Zero-Hour One-Hour Two-Hour 
Patient 1 1.15 s 1.27 s 1.20 s 
Patient 2 1.23 s 1.23 s 1.24 s 
Patient 3 l.18 s - 一 
Patient 4 1.23 s 
The null point method was used for the determination of 
the Ti of the glucose protons in blood plasma because of the 
long measuring time due to its low concentration. The error 
in the T^  between the null point method and that obtained by 
exponential fitting is within 15% (compare the null point 
method results of the fruit juice with the exponential fit 
results). That means the T^  of the a-glucose anomeric proton 
in blood plasma is within the range (1.15 s - 1.23 s)±15%. 
Typical spectra were also obtained with a minimum S/N 
ratio of 20 to ensure an acceptable relative standard 
deviation of 3.7% for integral precision. At different 
solution concentrations, the value of the receiver gain is 
adjusted where necessary because of the limited dynamic 
range of the ADC converters. Small source of errors can be 
introduced through the offset (01) effect because of its 
dependence upon pulse width, frequency of resonance: line"…飞丄一 一 
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from the carrier frequency and dynamic equilibrium. It was 
determined that there was little variation iir the integral 
of the a—glucose doublet when the offset was placed 士100 Hz 
of the water peak. In general, the errors derived from the 
offset effect is much smaller compared to the errors 
resulting from integral precision. 
A spectrum was typically collected over a period of 100 
minutes for 256 scans, (if D1 = 10 s, only 40 minutes was 
needed for 256 scans) and at least 30 - 50 data points were 
used to define the a-glucose doublet for integration. 
Linewidth is typically 1.4 Hz with no line broadening used. 
The Fourier Transformation and the integration of the a-
glucose doublet (6 = 5.228 ppm) were repeated 5 - 9 times 
for each spectrum to obtain the average value. The ratio of 
the integral of the C^a doublet between the plasma sample and 
the sample with standard glucose added (50 jil of 200 mg/lOO 
ml glucose solution) are used to calculate the glucose level 
in the plasma sample. The problems associated with 
integration ultimately rest upon parameters such as phase 
correction, baseline adjustment and shim setting. These 
items are particularly serious for quantitative analysis 
When the choice of peak integral is used as it is in this 
case, the peak(s) of interest must be in the pure absorption 
mode. If a proportion of the dispersion component is 
introduced into the phase of the peak(s), its intensity will 
be reduced. Hence, a 5� error in phase alteration may alter 
the integral by under 1% The baseline of the spectrum 
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must also be flat. Improper phase correction will lead to 
“twisting in the baseline close to the signals . and results in 
the distortion of the integral. We tried to minimize these 
errors by repeating the Fourier Transformation .and..y 二 一 : � : 一 ， … 
integration to obtain average values. The number of times 
the integration was performed depended upon the quality of 
the baseline. Also, it is often difficult to obtain as well 
as to maintain optimum shimming in dilute aqueous solution. 
Any drifts may seriously affect both phase correction and 
baseline adjustment. For accumulation over long periods,. 
repeated shim checking was carried out. Thus, for 
quantitative analysis, the best result can only be obtained 
if spectra were collected with good resolution, good 
lineshape and S/N ratio. 
The a- and 3-glucose is certainly at equilibrium « 
36.5:63.5) in the plasma during the NMR measurements. This 
is because the muta-rotational half-life of a-glucose in 
whole blood at 2 0�C is « 9 • 0 m i n u t e s . T h i s means that 
mutarotation essentially complete within an hour starting 
from pure a-glucose to give an equilibrium mixture of the 
two anomers and that any significant deviation from the 
equilibrium ratio of a- and B-glucose should be restored 
within the hour. In other words, the equilibrium is 
attained during the time of centr if ligation, sample 
transportation and preparation. Since the addition volume 
of the standard glucose solution is small (50 fil compared to 
the bulk volume of 0.5 ml), minimal changes on the plasma 
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composition is expected for the second plasma sample. 
Therefore, the ratio in the second plasma sample is ' 
assumed to be the same as that in the first during the NMR 
measurements. — — 
All three quantitative methods, namely; the calibration 
curve method, the standard addition method and the standard 
ratio method were used for the analysis of pure glucose 
solution which served as a controlled test for the WATR-CPMG 
method. These results are summarized in Tables 3.3 - 3.5.— 
The standard calibration curve method yielded.the largest 
error (Table 3.6), particularly in dilute solution (>12%) 
when compared to the concentration of the test solutions. A 
very likely cause is the variations in the condition of the 
instrument from day-to-day, the accuracy being higher with 
the pure glucose solution. The percentage errors of both 
the standard addition method and the standard ratio method 
when compared to the concentration of the glucose test 
solutions are comparable at < 5%. The better analytical 
accuracy can be understood because the latter two methods 
are characteristic of the sample itself and contrast the 
calibration curve method whereby the solution conditions 
between pure glucose solution used for the construction of 
the calibration curve and the plasma samples are not 
identical. The standard ratio method is faster than the 
standard addition method because a minimum of three to five 
data points is required to perform the latter (Table 3.6). 
The results presented in Table 3.6 justify the choice of the 
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standard ratio method for the quantitative analysis of 
plasma and fruit juices. 
Table 3.3 
The Standard Calibration Curve Method -
The Correlation Between Glucose 
Concentration and the Integration Value 
[Glucose] (M) Integral 
0. 0090 4 . 32 
0. 0190 8.72 
0.0450 19.92 
0. 1350 64.26 
0.2250 99.76 
The Correlation Coefficient r^ = 0.998. 
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Table 3.4 
The Standard Addition Method-
The Correlation Between Glucose 
Concentration and the Integration Value 




0»0430 43.30 . 
0.0750 73.13 
0.1000 100. 27 
The Correlation Coefficient r^ = 0.999 
Table 3.5 
The Standard Ratio Method— 
The Correlation Between Glucose 
Concentration and the Integration Value 
[Glucose] (M) Integral 
0. 0075 3 . 57 
0. 0082 4. 14 
0.0090 4.32 
0. 0430 20.49 
0. 0750 34 . 62 
0.1000 47.46 
The Correlation Coefficient r^ = 0.999 
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Table 3.6 
z Comparison of the Accuracy of standard Calibration 
了 ， Standard Addition and Standard Ratio Methods for 
the Determination of Total Glucose Concentration^ 
Prepared Standard-
C^i^ei^tration Calibration Standard- Standard-
M(inq/lOQm1) __Curve Addition Ratio 
0.0075 (135) 0.0065 (12%)^ 0.0074 (2.0%)^ 0.0074 (2.0%)^ 
0.0082 (148) 0.0079 (3.7%) 0.0086 (4.5%) 0.0086 (4.5%) 
••0090 (163) 0.0083 (7.8%) 0.0089 (0.6%) 0.0090 (0.0%) 
0.0190 (344) 0.0018 (4.2%) 
0.0431 (780) 0.0440 (.23%) 0.0434 (0.7%) 0.0431 (0.0%) 
0.0450 (815) 0.0432 (4.0%) 
••0746 (1350) 0.0760 (1.3%) 0.0734 (1.6%) 0.0720 (4.0%) 
0-1000 (1810) 0.1050 (5.0%) 0.1008 (0.8%) 0.0990 (1.0%) 
0.1350 (2442) 0.1420 (5.0%) 
0.2250 (4072) 0.2211 (1.7%) 
a Glucose concentration determined by WATR-CPMG method 
b Value in parenthesis are % error calculated based on 
the prepared concentration in column one. 
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3.1.6 HPLC Measurement: 
The glucose concentrations in juice drinks were 
determined by HPLC, using a standard addition method. A 
Waters Assoc. Liquid Chromatograph ALC GPC (201), 
equipped with a Model-6000 Solvent Delivery System and a 
differential refractometer model R401 was used. An … 一 二 
Econosphere N H� 5 U column 250 mm x 4.6 mm from Alltech 
Assoc. Inc was used throughout. The flow rate was 
2.0 ml/min, the attenuation of detector is "8x", and the 
mobile phase used was 4:1 ACN/H2O. The sample size was 
20 Ml which was injected with a syringe via a Rheodyne 
701 injector. The sample juices were centrifuged 
followed by filtration using 0.45 fjLia filter paper from 
Millipore Corp. 
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3.2 Results and Discussion 
3.2.1 Analysis of Results 
The water T? vs pH data for glucose, plasma and 
commerical orange juice in 0.5 M NH^Cl was determined 
using the CPMG method and the plot is shown in Figure 
3.3. The results of its application to the deterinination 
of total plasma glucose in five patients undergoing Oral 
Glucose Tolerance Test (OGTT) at the Prince of Wales 
Hospital are summarized in Table 3.7. The H^ NMR spectrum 
of plasma obtained from the patients by the WATR-CPMG 
method is given in Figure 3.4. From the results in Table 
3.7, the deviation between the plasma glucose 
concentrations determined using the present method and 
the glucose oxidase method are within 5% across a range 
of values from 90-500 mg/lOO ml. A correlation of the 
results obtained from the present method and the glucose 
oxidase method using the data presented in Table 3.7 
gives a slope of 0.975 (r 二 0.999) and is in good 
agreement with the theoretical value of 1. The relative 
standard deviation in the measurement of the glucose in 
plasma of the fifth patient is about 3.7% (n = 5)• 
The concentration of glucose in fruit juice is 
summarized in Table 3.8. The HPLC results were used to 
compare with the WATR-CPMG data. Again, the agreement in 
the glucose concentration between the WATR-CPMG method 
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and the HPLC method is quite good. The correlation of 
the results (Table 3.8) obtained from the two methods 
gives 1.02 for the slope of the plot (r = 0.991). The 
larger error associated with the Watson Sparkling Orange 
juice may due to incomplete removal of the dissolved gas, 
whereas trace residues of fine pulp were detected in the 
Sunkist Still Orange Juice Drink. 
Table 3.7 
The Concentration of Glucose in 
Blood Plasma of Five Patients 
[Glucose]® [Glucose]b 
Patient fma/lOOml) (mq/lOOml) Error务 
1 - Ohr 92.0 97.2 - 3.0 
1 - Ihr 210.0 203.2 + 4.0 
2 - Ohr 93.1 93.6 - 0.6 
2 - Ihr 13 6.4 140.2 - 2.9 
3 一 Ohr 81.5 81.1 + 0.5 
3 - Ihr 103.8 109.9 - 5.6 
3 - 2hr 89.5 86.5 + 3.5 
3 - 3hr 56.5 57.7 - 2.0 
4 - Ohr 214.0 205.4 + 4.2 
4 - Ihr 502.9 509.9 - 1.4 
4 - 2hr 487.7 504.5 - 3.3 
4 - 3hr 370.9 380.1 - 2.4 
5 - Ihr 119.5 - 3.9 
126.0 + 1.4 
117.4 124.3 - 5.6 
116.7 - 6.1 
125.8 - 1-2 
mean =121.5 ± 4 . 5 
a Total glucose concentration determined by WATR-CPMG 
method . 
b Analytical results from Prince of Wales Hospital 
using the Glucose Oxidase method … 二 ， 卜 兄 Gi^^cc^e 
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Figure 3.4 H^ NMR spectrum of blood plasma of different 
patients undergoing OGTT at the Prince of 
Wales Hospital: a) 250-MHz H^ NMR spectrum 
of plasma (with 10% 0.0) measured by a 
single-pulse with a flip angle = 2 0° and 16 
scans coadded; b) patient 1 at first hour 
measured by the WATR-CPMG method with 
r = 0.6 ms, n = 300 and 2 56 scans coadded. 
c) patient 3 at third hour under same 
conditions as b)• 
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Table 3.8 
, The Concentration of Glucose in Fruit Juices 
[Glucose]a [Glucose]^ 
M m _M(mcf/m:n Mdng/ml) Error 毛 
HI - C 0.089 (16.0) 0.088 (15.8) +1.3 
Orange Juice 
Watson Sparkling — 一 ： 
Orange Juice 0.250 (44.9) 0.230 (41.4) +7.8 
Sunkist Still 
Orange Juice 0.100 (18.0) 0.090 (16.8) +6.7 
Drinks 
Vita Orange 0.230 (41.38) 0.236 (42.6) -2.9 
Juice 
Vita Guava 0.120 (21.63) 0.120 (21.6) +0.2 
Juice 
a Glucose concentration determined by WATR-CPMG method 
b Glucose concentration determined by HPLC method 
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3.2.2 Discussion 
These results demonstrated that the WATR-CPMG method 
was successfully applied to the measurement of glucose in 
biological fluids and/or aqueous solutions and that good 
results could be achieved when instrumental difficulties 
were adequately dealt with. 
The quantitative precision of the CPMG sequence may 
be affected by phase modulation in the presence of 
homonuclear spin-spin coupling. However, it did not 
affect the quantitative precision of the present 
application because short T value of the order of msec 
was used. Therefore, the major phase errors shown in 
Figures 3.4(b) and 3.4(c) most likely result from 
interference of the tail of the water signal due to 
incomplete water suppression. Finally, sample 
preparation is of critical importance. Extra care must 
be taken to separate all red cells from plasma in order 
to obtain accurate plasma glucose measurements. Whole 
blood glucose concentrations are lower than plasma 
glucose concentrations by approximately 1 mM at the 
concentrations used. Immediate separation also prevents 
continued metabolism of glucose by the cellular 
components of blood. Without immediate separation plasma 
glucose values may decline by approximately 0.5 imol/L 




We have demonstrated, with appropriate control of 
experimental conditions, quantitative analysis by WATR-
CPMG 1H NMR can be used as a quantitative method for the 
determination of total glucose in blood plasma. The 
determination of glucose in fruit juice is very-
complex 3.9, but can be determined directly in this study. 
For the quantitative analysis of plasma glucose, the 
results obtained are closely comparable to those obtained 
using a conventional glucose oxidase technique employed 
in hospital pathology laboratory. The WATR-CPMG 
technique cannot compete with the glucose oxidase method 
on a routine basis at present because of the high cost of 
the instruments. However, potential research 
applications, particularly in experimental medicine in 
diabetic research, are considerable because the well 
accepted glucose oxidase method is B-specific whereas "H 
NMR method can provide structural as well as quantitative 
information on both glucose anomers and other metabolites 
and amino acids simultaneously. 
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CHAPTER FOUR 
HOMODECOUPLED WATR-CPMG METHOD 
4 • 0 Introduction 
Although coupling constants are a useful source of 
structural information, the splittings caused by their 
existence complicate the appearance of the spectra and 
reduce the available spectral sensitivity. Therefore, it 
is often advantageous to remove the splittings by double 
resonance techniques. in this technique, one rf is used 
to observe the signal of a given spin system and the 
other is used to irradiate the spins to be decoupled. If 
the observed and the irradiated spins are of the same 
isotope, then the experiment is called homonuclear 
decoupling. 
If the homodecuoup1ing techinque is incorporated 
into the WATR-CPMG method, the doublet of the a-glucose 
anomeric proton is decoupled into a singlet with a 
possible increase in the S/N ratio. Quantitative 
analysis may be carried out by the measurement of the 
intensity of the decoupled single peak. That is, the 
solute concentration is measured by taking the peak 
height of the NMR line in question divided by the peak 
height of the reference line. When quantitative analysis 
is carry out near the detection limit, the baseline is 
often dominated by noise, the use of peak height ratio is 
superior than the method of integration in principle• 4-1 
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4.1 Application of Combined Time Sharing Homodecoupling 
WATR-CPMG Method for Quantitative Analysis in 
Aqueous Solution 
4.1.1 The Time Sharing Homonuclear Decoupling and 
Average Hamiltonian Theory 
The strong radio-frequency necessary for decoupling 
often causes severe power leakage between the transmitter 
and the receiver in homonuclear decoupling experiments. 
To prevent the power leakage into the receiver, time 
shared decoupling is u s e d > 2 , 4.3 Following the excitation 
pulse, a sample of the free induction decay are taken at 
normal rate and is determined by the spectra width being 
studied. For the WM-250 MHz spectrometer, this sampling 
interval are shared between the decoupler and the 
receiver as illustrated in Figure 4.1. Homodecoupler is 
switched on at a second frequency. The broadband 
modulator is turned off. The output gate is pulsed 
synchronously with the dwell clock for 20% of the dwell 
time. The receiver is gated off for 30% of the dwell 
time with the decoupler pulse starts 1 /xsec after the 
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Figure 4.1 The time sharing scheme of the homodeoupler 
of the WM-250 MHz spectrometer. 
When a system is subjected to a periodic time-
dependent perturbation H'(t) with period T seconds, the 
spectrum in the limit T — 0 consists of a central 
component together with a large number of side bands at 
the frequencies 士 n/T Hz (where n = 0,1,2....) from the 
central component. The central component corresponding 
to the Hamiltonian H + H' where H is the unperturbed 
Hamiltonian and H丨 is the average of H丨（t) over the 
period of time T•“•“ In homodecoup1ing technique, the 
dwell time used for recording the FID is shared between a 
perturbation H丨（the decoupler pulse) and the receiver?_ 
so that there is no direct interaction between the 
perturbation and the receiver. The T is then the dwell 
time. When T is set to be very small, all the sidebands .- . - • ... 
are out of the region of observation. 
J 
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Compare with the CW decoupling method (where the 
decoupling field is H?) , the H丨 in time sharing decoupling 
=H2T/T, where r is the time the decoupler is on. The 
effective decoupling power is only (r/T” of the available 
power in a comparable CW experiment with the decoupler on 
at all times. The reduction in sensitivity caused by 
this restricted sampling time is equal to: 
r = � （ 令 ） (4.1) 
where r^  = the time in which the receiver is turn on. 
For the WM-250 spectrometer, the r^  = 0.7xT, that means 
o 
r = 0.836. This results is in a corresponding reduction 
in the sensitivity by 16.4% in homodecoupling experiment 
as a result of the restriction in sampling time. 
4.1.2 Homodecoupling in Aqueous Solution 
One of the most difficult experiments to perforin 
with an NMR spectrometer is obtaining the ^H-NMR spectrum 
of dilute species in H2O solution. However, the technical 
problems of working with dilute aqueous solutions are 
seriously compounded when double resonance experiments 
are performed/-^ For example, in dilute peptide systems, 
one may wish to decouple the a-protons in order to assign 
the amide resonances, if the resonances of the^ a-protorr#�i扣ces, j 
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is nearby the HpO, the decoupler frequency must be 
situated close to the Larmor frequency of the water , 
protons. The decoupling field excites an appreciable 
amount of H2O in the solvent hence resulting in a large 
water peak and losing the beneficial effects of water 
suppression. For the present study, the position of the 
resonance signal of the spin coupled to the a—anomeric 
proton was deterinined by decoupling the a-anomeric proton 
signal in pure D2O. The signal is about 32 0 Hz to the 
upfield side of the water proton signal in the Fourier 
transformed spectrum. The exploratory experimental 
results describing the attempts to decouple the a-proton 
within the scope of quantitative analysis is reported in 
the following sections. 
4.2 Experimental 
4.2.1 The Preliminary Investigation 
The effects of the decoupler field on the system 
was studied using 0.1 M glucose in various percentage of 
D2O/H2O solution. For each solution, the magnitude of the 
decoupling power needed to completely decouple the a-
proton to a singlet was deterinined experimentally. The 
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Fiqure 4.2 HDCPMG % NMR spectra of 0.1 M glucose in 
pure DpO solution measured with different 
decoupling power (DP). a) No decoupling 
b) DP = 40 L, c) DP = 30 L, d) DP = 20L 
e) DP =10 L. 02 is set at the resonance 
frequency of the spin coupled to a-proton. 
(The smaller the number of DP, the larger 
七he decoupling power) 二 cieccu 
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Figure 4.3 HDCPMG H^ NMR spectra of 0.1 M glucose in 
80% D^O/ 20% H^O solution measured with 
different decoupling power (DP) a) No 
decoupling b) DP = 30 L, c) DP = 20 L, 
d) DP = lOL e) DP = 5 L. 二 
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Figure 4.4 HDCPMG H^ NMR spectra of 0.1 M glucose in 
60% D^O/40% H2O solution measured with 
different decoupling power (DP)• a) No 
decoupling b) DP = 30 L, c) DP = 20 L, 
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Figure 4.5 HDCPMG % NMR spectra of 0.1 M glucose in 
40% D^O/SO^ H2O solution measured with 
different decoupling power (DP). 
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Figure 4.6 HDCPMG H^ NMR spectra of 0.1 M glucose in 
20% DpO/ 80% H2O solution measured with 
different decoupling power (DP). a) No 
decoupling b) DP = 50 L, c) DP = 40 L, aecoirD二r 
d) DP = 30 L. 
95 
From the Fourier transformed spectra, it is apparent 
that when the percentage of D2O decreases (or when the H2O 
content increases), the noise of the spectra increases 
under the same decoupling power. In solutions except in 
pure D2O, increasing the decoupling power increases the 
noise of the spectra. At low DgO content, the noise in 
the region near the water signal is especially serious. 
A possible explanation may be the re-attenuation of the 
water signal by the decoupler field. The large 
irradiation spike gives rise to two additional problems. 
It overloads the receiver and causes distortion in the 
baseline. It also appears in the FID as a large signal 
causing dynamic range problems during digitization. 
Figure 4.6 clearly demonstrated that the quantitative 
analysis using decoupling method in aqueous solution with 
D2O content less than 20% is quite impossible because of 
the deterioration of the spectra by the decoupler spike 
and the noise resulting from the re-excitation of the 
water signal. Based on this result, we conclude that 
solution with 30%/70% DzO/H^O is the minimum composition 
required for further experimental investigation in 
exploring the possibility of combining the homodecoupling 
with WATR-CPMG. In addition, all the solutions used 
below contain 0.5 M NH^Cl and the pH are adjusted to 
« 6.45. 
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4.2,2 Homodecoupling in 3 0%D20/70%H20 Solution 
A control experiment was performed to demonstrate 
that the noise about the residual water signal indeed 
results from the decoupler field. The large decoupler 
spike usually associated with decoupling is separated 
from the effects of signal distortion by setting the 
decoupler field at the edge of the observed region 
« 1500 Hz from the water signal. The spectra in Figure 
4.7 clearly shown that when the decoupling power 
increases, the noise nearby the water signal grows and 
extends to incorporate the range containing the a-
anomeric proton of glucose. The deterioration of the 
baseline severely hampers the ability to carry out good 
phase adjustment hence incorrect integration. In Figure 
4.8 where the 01 was set away from the water signal, i.e. 
relatively poor suppression intentionally, the spectra 
clearly shown that the decoupling field introduce serious 
noise in the spectral region of the water signal. 
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Figure 4.7 HDCPMG H^ NMR spectra of 30% 020/70% H2O 
glucose solution. The decoupling frequency 
were set at the edge of the spectral width 
and 01 = water resonance frequency. 
a) DP = 63 L, b) DP = 40 L, c) DP = 30 L, 二 •‘： 
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• -.-.... • .. 
98 
r 









_ _ j _ J L _ j K A j L _ . 
‘ 1 ’ i ‘ i ‘ i ‘ ！ ‘ I ‘ ( ‘ I ‘ i ’ i ： i ！ i i 
5.4 5. 2 5.0 4.3 4.3 4.4 D. 2 4.0 3.3 3.8 3. D 3, 2 
PPM 
Figure 4.8 HDCPMG H^ NMR spectra of 30% 030/70% H2O 
glucose solution. The decoupling frequency 
were set at the edge of the spectral width 
and 01 set at 550 Hz from the water 
resonance. a) DP = 63 L, b) DP = 40 L, 
c) DP = 30 L, d) DP = 20 L, e) DP = 10 L, 
f) DP = 5 L. 
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The 01 also affects the magnitude of the Fourier 
transformed signal. The spectra presented in Figure 4.9 
shows the WATR-CPMG decoupled spectra at 30% DgO glucose 
solution with various carrier frequency (01) values. The 
spike at the decoupler frequency is especially large at 
4500 and 4800 Hz. When 01 was set at 4800 Hz, which is 
near the position of the resonance of the a-anomeric 
proton of glucose, the integral of the a-proton is 
significantly reduced. Similar effects were observed in 
40% D2O glucose solution. Tentatively, we associate this 




‘ J f」( …_ 
‘ 1 . j 




. 广 I ^ ^ ^ ^ 丨 
、 
‘ 
_ _ u i ^ 如 i ^ j W v L l y V 
a j 
. ！ 
I [ 1 i ： ； ‘ i ‘ 1 ‘ i ‘ i ‘ i ‘ i ‘ i"““ i ‘ i ‘ 
5.4 5,2 5.Q 4.3 4.3 4.4 4.2 4.0 3, 3 3.S 3.4 5.2 
PPM 
Figure 4.9 HDCPMG H^ NMR spectra of 30% 030/70% H^O 
glucose solution measured with different 
01. DP = 10 L. a) 01 = 4100 Hz, 
b) 01 = 4300 Hz, c) 01 = 4500 Hz, 
d) 01 二 4660 Hz (water resonance frequency) 
e) 01 = 4800 Hz, f) 01 = 5000 Hz. 
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4-2.3 Homodecoupling-CPMG (HDCPMG) in 
Quantitative Analysis 
The results of section 4.1.2 to 4.2.2 clearly 
demonstrated that the decoupling method is unsuitable for 
quantitative analysis. However, the quantitative 
correlation between the magnitude of the decoupled signal 
with the concentration of the solution remains 
unanswered. As one of the objectives is to determine if 
this correlation remains valid under decoupling 
condition, we continue with the investigation at 30% D^O. 
All the parameters used were the same as in the WATR-CPMG 
method. The r = 0.6ins, n = 300 and 01 at the water 
resonance frequency. The relaxation delay was deterinined 
to be 10 s after the T^  of all the protons of interest 
were determined. The results of the T^  of the a—anomeric 
proton and the B-anomeric proton of glucose in different 
concentrations were determined by IR—CPMG method 
(Table 4.1). The decoupling power was 10 L which is the 
minimum power that can decouple the a-proton signal to a 
singlet effectively. An internal standard was added to 
each solution as reference for the intensity measurement. 
An ideal internal reference fulfils the following 
requirements• 
1. The compound must have a characteristic single peak 
which is completely separate from all the other 
resonance signals in the spectrum. 
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2 • The compound must be water soluble. 
3, The species will not interact with other solutes in 
the system. 
4. Commercially available compounds are preferred in — 
potentially routine or research application 
analysis. 
For blood plasma, the NMR signals from valine, 
lactate, alanine, ketone bodies, glucose and other 
metabolites covered the range from 0.5 - 5.5 ppm. The 
chosen standard must not have peak(s) in this region. 
Fortunately, formate fulfils all these criteria and is 
readily available. It is also a superior standard 
compared to other standards such as 3-(trimethylsilyl)-
3 , 3 , 2 , 2-tetradeutero-propionic acid (TSP) because it does 
not interact with the macromolecular components in the 
fluid s y s t e m . 4 - 6 Cozzone^-^ has also used formate as the 
internal standard to measure human serum metabolites in 
^H-NMR spin-echo spectra. For this preliminary work, we 
use 0.022 M formate as the internal standard in the 
aqueous solution study. Both the integral of the signal, 




The Ti of the Anomeric Protons of Glucose at 
Various Concentrations in 30% D2O Aqueous Solutions 
严尸 c�s e ] Ti of a-anomeric T: of B-anomeric … 
_/100inl) proton (s) proton (s) 
1.545 1.182 
i l ^ 1.529 1.140 
2100 1.546 1.197 
2800 1.458 1.121 
The integral value of the a-anomeric proton in� 
different concentrations measured by HDCPMG method:is 一 -…——--
tabulated in Table 4.2. The plots of integral and 
intensity versus concentration are given in Figures 4 . 9 
and 4.10 respectively. The intensity ratio is the 
intensity of the decoupled singlet compared with 七he 
intensity of the formate in the same spectrum. 
Table 4.2 
The Correlation Between the Concentration and 
the Integral & Intensity of D-Glucose 
[Glucose] Integral of Intensity 
(mg/lOOml) o:-anomeric Proton of the Singlet 
0.038 0.153 
22^ 0.091 0.291 
0.169 0.493 
6^0 0.232 0. 528 
0 .343 1. 038 
1050 0.426 1. 183 
1400 0.611 1.473 
1750 0.742 1. 641 
2100 0.891 2.272 
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Figure 4.10 A plot of the integrals of a-proton versus 
the corresponding concentrations in 
30% X^pjlOh H^O glucose solutions. -. 
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Figure 4.11 A plot of the relative intensities the 
decoupled singlet of a-proton versus 
the corresponding concentrations in 
30% D^O/70^ H p glucose solutions. 
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The correlation coefficient (r^) between the 
concentration and the integral is 0.9988. This result 
confirms that the integral of the decoupled singlet is 
linearly proportional to the concentration. The 
correlation coefficient (r^  = 0.9800) between the 
concentration and the relative intensity of the decoupled 
singlet (compared with the standard) and the correlation 
coefficient (r^ = 0.950) between the concentration and the 
average relative intensities of the doublet using CPMG 
method indicates that the former has a higher accuracy in 
quantitative analysis. However, application of intensity 
measurement is less superior than quantitative analysis 
by integration method. 
The T^ of the single proton in formate is quite long. 
For the experiments conducted here, we assumed that M^ of 
the proton in formate reached a steady state in the 
repetition of pulses and the magnitude of the signal is 
the same in each spectrum at different glucose 
concentration. The T-, of proton in formate in 30% D2O 
solution was determined and summarized in Table 4.3. The 
long Ti lead to a negligible reduction in the signal 
amplitude during the relaxation period 2nT• In fact, 
nearly 1.2 s difference in T^  was measured from glucose 
solution of 630 and 2100 mg/lOOml solution therefore 
resulting in a 1.3% different in signal amplitude after 
the relaxation period. Using a relaxation delay of 35 s 
(D1 = 35 s) which is long enough for the magnetization of 
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the formate proton to fully recovered to its equilibrium 
position, significant improvements was obtained in the -
correlation (r^  = 0.9975) between the concentration and 
the intensity ratio (Table 4.4). 
Table 4.3 
The Ti of the Formate Proton in Different 
Glucose Concentration in 30% D2O 
[Glucose] Ti of the Proton 
(mg/100ml) on Formate 






The Correlation Between the Concentration of 
Glucose and the Integral, Relative Intensity 
of the a-Anomeric Proton Signal 
[Glucose] Integral of a- The Relative 
(mg/lOOml) Anomeric Proton Intensity of 
Signal the Signal 
105 0.049 0.087 
21^ 0.101 0. 190 
420 0.216 0.326 
6^0 0.271 0.595 
0.415 0. 697 
1050 0.531 0.883 
1400 0. 639 1. 140 
1750 0.833 1.498 
2100 1. 066 1. 679 
2800 1. 295 2 .354 
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The correlation coefficient (r^  = 0.9944) between the 
integral and the concentration was determined and is 
similar to the results obtained previously. However, the 
analytical time was greatly increased (« 3 times), a main 
disadvantage in using formate as the internal standard. 
The S/N ratio decreased significantly when compared： 
with the WATR-CPMG method. The noise in the decoupled 
spectra were very large. Although the intensity of the 
singlet was slightly increased (average « 1.1 times 
increases in the intensity compared with the undecoupled 
doublet), the large increase in the amplitude of the 
noise effectively decrease the S/N ratio when the signal 
is decoupled. Typical spectrum of the HDCPMG method is 
shown in Figures 4.12 - 4.13 and the S/N ratio of the 
doublet in CPMG as well as the singlet in HDCPMG is 
compared in Table 4.5. 
From the results of Table 4.5, we concluded that the 
decoupling technique cannot increase the S/N ratio. 
Reversely, the S/N ratio is decreased. The CPMG method 
is much preferred when the solute concentration is low. 
The HDCPMG method cannot be used in the blood plasma 
glucose measurement because blood glucose concentration 
is comparably low. 
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Table 4.5 
The S/N Ratio of the a-Anomeric Proton Signal 
Using Two Methods. The Analytical Time are 
the Same (27 minutes) and the NS = 128 
[Glucose] S/N ratio Using S/N ratio Using 
(Itig/iooml) CPMG HDCPMG 
38.044 2.41 
630 132.620 20.634 
1400 218.960 34.976 
2100 258.186 71.580 
4.3 Conclusion 
It was established that the HDCPMG is not 
appropriate for quantitative analysis because the S/N 
ratio is greatly reduced because of (a) the absorption of 
decoupling power by the solvent and (b) spectral 
distortion as a result of the irradiation spike. The 
undecoupled signal in WATR-CPMG method has a much higher 
S/N ratio compared to HDCPMG method within the same 
analytical time. The decoupled signal magnitude has a 





























































































































































































































































































































































































































































































This thesis has demonstrated conclusively that the 
WATR-CPMG method is applicable to the quantitative 
analysis of solutes in dilute aqueous solution. However, 
there are a number of limitations in its application. 
1. The solute must has some characteristic signals, 
preferably singlets, in the ^H-NMR spectrum. If the 
signals are in characteristic multiplets, the 
sensitivity is reduced and quantitative analysis is 
less suitable. 
2. Ideally, the molecular size of the target molecules 
is small. The ^H-NMR spectrum of macroinolecules is 
usually complicated and the T? of their protons are 
usually short. The resonance signals of protons 
with short T2, i.e. signals attributed from the 
proteins in the plasma, are eliminated by the WATR-
CPMG method from the resulting spectra. 
3. Although the quantitative analysis of glucose has 
been demonstrated to be possible in blood plasma, it 
is not useful in routine analysis work because of 
the inherently low sensitivity of NMR compared with 
other instrumental techniques. This method is more 
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useful in research applications and qualitative 
analysis. " 
The WATR-CPMG method is more efficient at high field 
strength. The T? of water proton is shorter at higher 
field strength when the same amount of proton exchange 
reagent is added. There are less reduction in 
intensities of the protons of interest because shorter 
spin-spin relaxation period (2nT) is used. 
For the homodecoupled WATR-CPMG method, although the 
decoupled signal magnitude has a linear response to the 
concentration, it was clearly shown that it was not 
suitable for quantitative analysis. The decoupler power 
absorbed by the water lead to very high noise levels in 
the region about the water resonance region. In 
addition, the spike traditionally resulted from the 
decoupler field heavily distort the spectral intensity 
rendering it most unsuitable for quantitative work. The 





1.1 M. Gueron, P. Plateau, M.Decorps, Prog. NMR 
Spectrosc. 23, 135-209 (1991) 
1.2 P.J. Hore, Methods Enzymol. 176, 64-77 (1989) 
1.3 S. Alexander, Rev. Sci, Instr. 32, 1066-1067 (1961) 
1.4 D.I. Hoult, J. Magn. Reson. 21, 337-347 (1976) 
1.5 N.R. Krishna, J. Magn. Reson. 22, 555—559 (1976) 
1.6 A.G. Redfield, Methods Enzymol. 49, 253-270 (1978) 
and A.G. Redfield; S.D. Kunz； E.K. Ralph, J, Magn. 
Reson. 19, 114-117 (1975) 
1.7 S.L. Patt, B.D. Sykes, J. Chem. Phys. 56, 3182-3184 
(1972) 
1.8 F.W. Benz, J. Feeney, G.C.K. Roberts, J• Magn• 
Reson. 8, 114-121 (1972) 
1. 9 D.L. Rabenstein, A.A. Isab, J• Magn. Reson• 36, 
281-286 (1979) 
1.10 R.G. Bryant, T.M. Eads, J, Magn. Reson• 64, 312-315 
(1985) 
1.11 T.M. Eads, S.D. Kennedy and R.G. Bryant, Anal. Chem, 
58, 1752-1756 (1986) 
1.12 S. Connor, J.K. Nicholson and J.R. Everett, Anal. 
Chem. 59, 2885-2891 (1987) 
1.13 D.L. Rabenstein and S. Fan, Anal. Chem, 58, 3178-
3184 (1986) ‘ 
115 
1.14 J.D. Bell, J.C.C. Brown and P.J. Sadler, Biochem, 
Soc. Trans. 14, 1263-1264 (1986) 
1.15 S. Connor, J. Everett and J.K. Nicholson, Magn. 
Reson. Med, 4, 461-470 (1987) 
1.16 N.A. Dickinson, R.E. Lythgoe and R.D. Waigh, Magn, 
Reson. Chem, 24 25, 996-997 (1987) 
1.17 A. Haase, J. Frahm, W. Hanicke and D. Matthaei, 
Phys, Med. Biol. 30, 341-344 (1985) 
1.18 D.M. Doddrell, G.J. Galloway, W.M. Brooks, J, Magn, 
Reson. 70, 176-180 (1986) 
1.19 R.K. Gupta, J. Magn. Reson, 24, 461-465. (1976) 
1.20 C.A.G. Haasnort, J. Magn. Reson. 52, 153-158 (1983) 
1.21 G.A. Morris; R. Freeman, J. Magn. Reson. 27, 433-462 
(1978) 
1.22 T.R. Krugh, W.C. Schaefer, J. Magn, Reson. 19, 99-
107 (1975) 
1.23 D.W. Lowman, G,E. Maciel, Anal. Chem. 51, 85—89 
(1979) 
1.24 K. Roth, B.J. Kimber, J. Feeney, J• Magn. Reson. 41, 
302-309 (1980) 
1.25 R.G. Bryant, T.M. Eads, J• Magn, Reson. 64, 541-546 
---
(1985) 
1.26 D.L. Rabenstein, S. Fan, T.T. Nakashima, J. Magn, 
Reson. 64, 541-546 (1985) 
1.27 工.M. Breveton, G.J. Galloway, J. Field, M.F. 
Marshman and D.M. Doddrell, J• Magn. Reson. 81, 
41-417 (1989) 
116 
1.28 C.T. Moonen, P.C.M. Van Zijl, J. Magn. Reson. 88, 
28-41 (1990), 
1.29 P.C.M. Van Zijl, C.T.W. Moonen, J. Magn. Reson. 87, 
18-25 (1990) 
1.30 P.J. Hore, J. Magn. Reson. 54, 539-542 (1983) 
1.31 D.L. Turner, J, Magn, Reson. 54, 146-148 (1983) 
1.32 P.J. Hore, J. Magn, Reson• 55, 283—300 (1983) 
1.33 S. Vladimir, Z. Starcuk, J. Magn. Reson. 50, 495—501 
(1982) 
1.34 C. Yao, V. Simplaceanu, A.K.L.C. Lin and C. Ho, 
J. Magn. Reson. 66,43-57 (1986) 
1.35 P. Plateau, M. Gueron, J. Am. Chem. Soc• 104, 7310-
7311 (1982) 
1.36 P. Blondet, J• Magn. Reson. 75, 434-451 (1981) 
1.37 M.H. Levitt, J. Chem. Phys. 88, 3481-3496 (1988) 
1.38 E.L. Hahn, Phys. Rev. 80, 580-594 (1950) 
1.39 H.Y. Carr and E.M. Purcell, Phys, Rev. 94, 630-638 
(1954) 
1.40 S. Meiboom and D. Gill, Rev. Sci• Instr. 29, 688—691 
(1958) 
1.41 D.L. Rabenstein, S. Fan and T.T. Nakashima, J. Magn. 
— - -
Reson. 64, 541-546 (1985) 
1.42 C.K. Larive and D.L. Rabenstein, Magn. Reosn. Chem. 
29, 409-417 (1991) 
1.43 D.B. Fulton, B.G. Sayer and A.D. Bain, Anal, Chem. 
64, 349-353 (1992) 
1.44 P.A. Mirau, J. Magn. Reson. 73, 123-133 (1987) ‘ 
117 
1.45 P.J. Barker, D.J. Cookson and B.E. Smith, Energy & 
Fuels 4, 156-160 “1990) 
1.46 M.L. Magnuson and B.M. Fung, J. Magn. Reson. 99, 
301-307 (1992) 
1.47 D.A. Scott, C.R. Goward, M.D. Scawen, T. Atkinson, 
C.P. Price, Ann. Clin. Biochem. 27, 33-37 (1990) 
1.48 H. Hwang, P.K. Dasgupta, Anal. Chem, 59, 1356-1360 
(1987) 
1.49 M. Ohyabu, Anal. Sci• 3, 277-278 (1987) 
1.50 K. Vchida, D. Yoshizawa, M. Tomoda and S. Saito, 
Anal. Sci. 3, 181-183 (1987) 
1.51 B.A. Peterson, Anal. Chim, Acta, 209, 231-237 (1988) 
1.52 J.D. Kruse-Jarres, G. Janatsch, U. Gless, R. Marbch, 
H.M. Heise, Clin. Chem. 36, 401-402 (1990) 
1.53 B,W. Griffin, G.W. Williams, Biomed, Chromatogr. 4, 
87-88 (1990) 
1.54 S.H. Loh, Ann Clin Biochem, 26, 453-454 (1989) 
1.55 J. Wandrup, S. Vadstrup, Clin. Chem, 36, 1260-1261 
(1990) 
1.56 B. Morrison, C.J. Scotland, A. Fleck, Clin. Chim• 
Acta. 39, 301-306 (1972) 
1.57 N. Fogh-Anderson, P.D. Wimberley, J. Thode, 0. 
Siggaard- Andersen, Clin. Chim. Acta, 189, 33-38 
(1990) 
1.58 E. Sachs, B. Sachs, L.H. Bernstein, Clin. Chem. 
33, 1268 (1987) 
1.59 M. Sabur, J.L. Bell, Ann. Clin. Biochem. 25 suppl., 
108-109S (1988) 
118 
1.60 M.L. Leroux, P.R.E. Desjardins, Clin. Chem. 34, 1928 
(1988) , 
1.61 D.W. Lowman, G.E. Maciel, Anal. chem. 51, 85-90 
(1979) 
1.62 J.K. Nicholson, M.I. Buckingham, P.j. Salder, 
Biochem. J. 211, 605-615 (1983) 
CHAPTER TWO 
2.1 D.L. Rabensiiein, S. Fan, T.T, Nakashima, J• 
Magn.Reson, 64, 541-546 (1985) 
2.2 S. Fan, Chinese J• Microwave and Radio-Frequency 
Spectroscopy. 5, 165-172 (1988) 
2.3 D.L. Rabenstein and S. Fan, Anal. Chem, 38, 3178-
3184 (1986) 
2.4 D.B.Fulton, B.G. Sayer and A.D. Bain, Anal. Chem. 
64, 349-353 (1992) 
2.5 P. A. Mirau, J. Magn, Resort. 73, 123 -133 (1987) 
2.6 C.K. Larive and D.L. Rabenstein, Magn. Reson. Chem. 
29, 409-417 (1991) 
2.7 S. Connor, J.K. Nicholson and J.R. Everett, Anal. 
Chem, 59, 2885-2991 (1987) 
2.8 T.M. Eads, S.D. Kennedy and R.G. Bryant, Anal. Chem. 
58, 1752-1756 (1986) 
2.9 J.D. Bell, J.C.C. Brown, G. Kubal and P.J. Sadler, 
FEES Lett, 235, 81-86 (1988) 
2 .10 M.T. Emerson, E. Grunwald and R.A. Kromhout, J• 
Chem. Phys, 33, 547-555 (1960) 
119 
2.11 S. Fan, Chin. J• Microwave and Radio-Frequency 
Spectroscopy 5, 165-172 (1988) 
2.12 D.L. Rabenstein, T. Nakashima and G. Bigam, J. Magn. 
Reson. 34, 669-674 (1979) 
2.13 A. Allerhand, J• Chem. Phys. 44, 1-9 (19 66) 
2.14 M. Kriat, S. Confort-Gouny, J. Vion-Dury, M. Sciaky, 
P. Viout and P.J. Cozzone, NMR In Blomed, 5, 179-184 
(1992) 
2.15 R.R. Ernst, G. Bodenhausen and A, Wokaun, 
"Principles.of Nuclear Magnetic Resonance in One and 
Two Dimensions" Oxford Science Publications 1987. 
2.16 G.E. Santyr, R.M. Henkelman and M.J. Bronskill, J. 
Magn. Reson. 79, 28-44 (1988) 
2.17 A.E. Derome, "Modern NMR Techniques for Chemistry 
Research", Pergaition press, UK, 1987, pl69. 
CHAPTER THREE 
3.1 D.L. Rabenstein, S. Fan, T.T. Nakashima, J• 
Magn.Reson. 64, 541-546 (1985) 
3.2 W. Curatolo, L.J. Neuringer, D. Ruben and R. 
Haberkorn, Carbohydr. Res. 112, 297-300 (1983) 
3.3 D.L. Rabenstein, K.K. Millis and E.J. Strauss, Anal. 
Chem. 60, 1380A-1391A (1988) 
3.4 D.H. Chan, M.D. Thesis, 1990, Zhongshan University. 
3.5 A.D. Bain, B.J. Fahie, T. Kozluk, and W. Leigh, 
； 
J. Can. J, Chem. 69, 1189-1192 (1991) 
120 
3.6 A.E. Derome, Modern NMR Techniques for Chemistry 
Research, Pergamon press, UK, 1987, pl69. , 
3.7 J. Okuda, T. Taguchi, and A. Tomimura, Chem. Pharm. 
Bull. 35, 4332-4337 (1987) 
3.8 A.Y.W. Chan, C.S. Cockrain- and R. Swaminathan, Ann. 
Clin. Biochem, 27, 73-74 (1990) 
3.9 H. William, Official Methods Of Analysis Of AOAC, 
p.369 (1990) 
CHAPTER FOUR : 
4.1 A.D. Bain, B.J. Fahie, T. Kozluk and W.J. Leigh, 
Can. J. Chem. 69, 1189-1192 (1991) 
4.2 J.P. Jesson, P. Meakin and G. Kneissel, J. Am. Chem. 
Soc. 95, 618-620 (1973) 
4.3 A. Pines and J.D. Ellett, Jr. J• Am, Chem. Soc, 95, 
4437-4438 (1973) 
4.4 U. Haeberlen and J.S. Waugh, Phys• Rev. 175, 453-467 
(1968) 
4.5 J.D. Cutnell, J. Dallas, G. Matson, G.N. La Mar, H. 
Rink and G. Rist, J. Magn. Reson. 41, 213-221 (1980) 
4.6 M. Kriat, S. Confort-Gouny, J. Vion-Dury, M. Sciaky, 




THE COMPUTER SIMULATION OF THE OFF-RESONANCE 
EFFECT ON THE WATER SIGNAL SUPPRESSION 
A-l•1 Introduction 
A simple model is developed to simulate the off-
resonance effect on the suppression of water signal by 
WATR-CPMG method. The effects of the pulse sequences on 
the magnetization are described by rotation operators 
formalism, in which the pulses are represented by 
rotation matrices about the three spatial coordinate 
axes. The pulse sequence is divided into different 
precession intervals. The magnetization either precess 
about the respective pulse axes in the xy plane or about 
the z-axis in order to account for the offset dependence. 
The magnetization components immediately after the 
pulse applied along the y-axis is computed by 
multiplication of the corresponding rotation matrices as 
illustrated in equation A-I.l 
M(+) = 丑 (A-J.i) 
M(+) = Magnetization component immediately after the pulse 
M(—） = Magnetization component immediately before the pulse 
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the corresponding rotation matrices are: 
1 0 0 " 
R^(e) = 0 cose -sine 
0 sine cose 
> 
where tanB = B^/AB^ as defined in Section 2.1.5 
and ^ 
、 
cosine” -sinBeff 0 
Rz (�ff) 二 s i n� ” cosine” 0 
0 0 1 
/ where = -丫已^”！口 
Tp = pulse duration 
Bgff = the effective B field defined in 
Section 2.1.5 
The precession of the magnetization during r is treated 
as the rotation about the z-axis with the off-resonance 
frequency. 
The CPMG pulse sequence is shown in A-I•2 
90 ^ ^ ( X - 180 Oy - T ) ^  - Acquisition (A-I.2) 
and the manipulation of the magnetization polarization by 
rotation matrices is as follows: 
M<。> - [R.i-z) RyiQ) R,(90 Ry-^ (Q) MJ {A-I. 
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where M命 = t h e magnetization after the first 180° 
pulse. 
R z� = r o t a t i o n operator about the z-axis at 
time T. 
The M命 is calculated by a recursion series composed of 
matrices as shown in Equation A-I•4, 
where k = 1,2,3....(n-1) 
The resulting M<n-i> is substituted into Equation A-I.5 to 
obtain the final result. 
M{2m) = i ? 么 ( A - J . 5 ) 
where M(2nr) = the final magnetization after the CPMG 
sequence. 
The relaxation effect is simulated by multiplication 
of the relaxation exponential constants after each 
precession about the z-axis. 
The computer siiruilation is carried out by using the 
PC software "Mathcad" and the program is given in 
Appendix 工 工 . T h e simulation data is shown in Appendix 工工工e 
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Define Variables: 
OS = o-ff resonance frequency 
T1=丨ongitudina丨 relaxation 
'T2=transverse relaxation 
n=#. of 1 SO deg. pulse 
ts»u=teu value used in C P M G s e q u e n c e 
pulse二the exact deg. of the "90 deg•“ 
cs :: 0.00001 
T i :: 3.111 
T2 : 0.035 
n 3 0 0 -
t a u 二 0.0006 
p u l s e ：二 90 
y ：二 p u l s e • 
180 
- 6 
p u l s e t i m e ：二 9.8 • 1 0 
z : 2 . y 
B l =the magnitude of the B1 field in Hz. 
r 1-1 
90 /~, 
B 1 4 • p u l s e t i m e „ ^^ I, N 2 ^ . 2 
[ p u l s e Beff :: ^ (cs) + (Bl) 
“ Beff 
y e f f ：二 
zeff ； 2 • ye f f 
p h y t a ：二 a n g l e (cs , Bl) 
t cs • 2 • H * t a u 
- t a u - 2 • tau - tau - 2 • tau 
rvo T2 T 1 T I / 
T ：二 e 丄2 T T 二 e L = e 丄 丄 LL : e 丄 
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Define of matrices: 
“ 1 0 0 
R x ：= 0 cos (phyta) - sin (phyta) 
_ 0 s i n ( p h y t a ) cos(phyta) 
c o s ( p h y t a ) 0 s i n ( p h y t a ) . 
Ry - 0 1 0 
- s i n ( p h y t a ) 〇 cos(phyta) 
IRX :: Rx~ 1 IRy ：二 Ry- 1 
C O S ( y e f f ) - sin(yeff) 0 
R z l ：= sin (yeff) cos (yeff) 0 
0 0 1 
c o s ( z e f f ) - sin (zeff) 0 
Rz2 ：二 sin (zeff) cos (zeff) 0 
0 0 1 
cos (t) - s i n ( t ) 0 
P r e :: sin (t) cos (t) 0 
0 0 1 
"T 0 0 1 [ T T O 0 •] [ 0 � 0 — 
R :: 0 T 0 R R 二 0 TT 0 . RC = 0 RCRC = 0 
0 0 L J [ 0 0 LL」 L 1 - L」 [ 1 - LL _ 
“ 0 
M _ Q = Magnetization at thermal equilibrium 
1 
XKie phase oycling: (quadrature detection) 
R H -1 = X： X -X -x y y -y 一 y 




AO 二 R y R z l •工 R y A2 二 I R y • R z l • Ry 
A 1 ：=工 R x * R z l * R x A3 : R x ' R z l . I R x 
FO := R y • R z 2 * I R y F2 :: I R y • Rz2 • Ry 
F 1 工 R x . R z 2 . R x F3 :: Rx • Rz2 •工R x -
f a n R • P r e f a n 2 :: RR • P r e * P r e 
^ r\ ^  � 1 
C o r e l Fl- (fan* (AO-M) +RC) k :二 1 . . [ n - 1 
c o r e l < k � ： 二 F l • [ f a n 2 • [ c o r e l ^ k - 1 > + R C R C 
ansl ：二 fan • c o r e l < N ^ � + R C . -
core2 < 0 > ：二 f3； (fan- (AO-M) + R C ) k ：二 1 . • [、n - 1 : 
c o r e 2 < k � ：： = F 3 - f a n 2 • c o r e 2 ^ ^ ' ^ ^  +RCRC 
- L L -J J • 
a n s 2 ：二 f a n * C O R E 2 < N 1 � + R C 
c o r e 3 < 0 > ：二 F l - ( f a n - ( A 2 - M ) + R C ) k ：= 1 . . [ n - 1 
c o r e 3 < k � F l . [ fan2 4 core3<k - 1 > j+RCRC 
ans3 ：二 fan* core3<n 1 � +RC 
core4 < 0 > ：二 F3 • (fan • (A2 • M) + R C ) k :二 1 . . [ n - 1 
c o r e 4 < k > :: F3 • f a n 2 • c o r e 4 < k _ 1 � +RCRC 
- L L J -
ans4 ：二 fan • core4<n � +.RC 
c o r e 5 < 0 � : F2 . ( f a n • (A1 • M) +RC) k = 1 . . [ n - 1 
c o r e 5 < k � F 2 4 f an2 4 core5< 乂 _ 1 � J + RCRC _ 
a n s 5 ：二 f a n • c o r e 5 ^ ^ 1 � +RC 
c o r e 6 < 0 � ： 二 FO . ( f a n . ( A 1 . M) + RC) k:二 1 . . [ n - 1 
c o r e 6 < k > ：二 FO. f a n 2 • c o r e 6 < L 1 � +RCRC 
J- L L -I J -‘ 
ans6 fan* core6<n � +RC … 
core7<0�：二 F2 . (f an • (A3 . M) + RC) k : 1 . . [ n - 1 
zlr� � � <lc-"1> 
c o r e ? :: F 2 . f a n 2 - c o r e ? 人 +RCRC 
a n s 7 f a n * c o r e 7 < n > 十RC 
core8<0> :: FO • (fan- (A3 -M) +RC) k 二 1 . . [ n - 1 
core8<k> ：二 FO . [ f an2 4 core8< k _ 1 > J + RCRC 
a n s 8 ：二 f a n * c o r e S ^ ^ 1 � +RC , 
127 , 
Chi = ansl^ + a n s 2 ^ - ans3^ - a n s 4个 - a n s S ^ - a n s e ^ + ansl^ + ansS^ 
ch2 = a n s l Q + a n s 2 Q - a n s S ^ - ans4Q + ans5^ + a n s 6 ^ - ans7^ - ans8^ 
^ 
a m p J (chl) 2 + (ch2) 2 
Results: 
Chi = -2.72936• 10-4 仁&2 = 1 . 0 6 9 9 1 - 1 0 " ' ^ ^ amp = 2 . 7 2 9 3 6 - 1 0 " ' ^ 
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